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THE STORM IN A TANK 
by Scott Robertson 

November 4, 1999 


You are looking at this booklet because you might be interested in learning about 
using compressed air as a medium for making large quantities of solar energy available 
as engine fuel. 

The disadvantages of ordinary solar generating devices--such as bulk, inefficiency, 
and off-hours--have inspired the search by many for a more widespread and accessible 
source of solar energy than sunlight, wind, and hydro-power. 

It is good that engineers and other solid thinkers want to know about things like 
outside sources of energy as required by the First Law of Thermodynamics, and 
continuous sources of energy as required by the Second Law. The sun is a very good 
example of an outside, continuous source of energy. Possibly the best example in the 
solar system. But it is not those elusive solar rays that we should be trying to capture; 
just go to the dump where wasted light beams pile up, and guess what. 

The First Law has decreed that there is no destruction of energy, so the waste 
product of light energy--and a lot of other energy media--is mostly heat. Ambient heat 
is the heat in the air around us. The sun invests 460° F. worth of heat in our 
atmosphere just to get it to 0° F. You know how much energy exists in a small box 
containing air heated to 500° if you’ve ever left a melted cheese sandwich in the oven 
30 seconds too long. 

After 99% of the light beams from the sun have failed to strike a solar panel, 
bounced off the earth and dissipated their energy by helping to heat up the four 
quadrillion tons of Earth’s atmosphere, there sits this sea of “totally” dissipated energy 
proving its inability to do work by blowing around as weather. Next time a hurricane 
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blows down your house, don’t worry, it just wasn’t possible. Ambient heat is “totally” 
dissipated. 

Wrong. 

All we need is a little 
weather inside a tank full of 
compressed air. The 
atmosphere of this planet 
carries easily available clean 
solar energy, and the 
compressed air engine uses 
heat energy as-is without the 
need to convert it to 
something else. The self- 
fueling air engine is actually a 
heat pump that uses 
compressed air as its working 
medium instead of freon. This 
makes it possible to replace 
bulky, expensive heat 
exchangers with direct mixing 
of atmosphere into the 
compressed air already in the 
tank. Most conventional heat pumps can provide three times more heat energy to their 
application than the amount of electrical energy used to operate them. With a storm in 
a full air tank, we expect to be able to match that or better. There is more energy in a 
tank full of compressed air than is needed to start an air engine and keep the tank full 
for a few seconds. All we need is a way to replace the solar energy leaving the tank 
with more solar energy on its way into the tank so that after a few seconds, the tank 
pressure has not gone down, and the process of continual replenishment can go on 
indefinitely. 

This cannot be done with conventional compression cycles, because it is 
considered wise and practical in these early days of the engineering science to waste 
heat as quickly as possible, so that all of the compressor’s effort is used to waste heat 
to the earth’s atmosphere. What is needed is a device or process that can provide for 
the continual replenishment of an air tank by injection-r\o\ compression--of large 
quantities of atmosphere into the tank. The compression needed is done by mixing of 
the atmosphere in the tank with the compressed air that was already in there. The 
result is a whole new batch of compressed air every few seconds, compliments of the 
sun. 

James Clerk Maxwell, who was the discoverer of the electromagnetic spectrum and 
(according to Albert Einstein) the father of modern physics, first outlined a plan for 
running air engines on free ambient heat, in his textbook Theory of Heat in 1870. The 
key to his concept was to set up two zones of unequal pressures in an air tank by some 
mysterious uninvented process, and then run an air engine on the difference. Like an 
organized storm. Put a storm in a tank and you don’t need a compressor. 



THE AUTHOR DRIVING AN AIR POWERED GO-KART THAT HE 
DESIGNED AND BUILT IN TEN HOURS, JULY 1988 
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It’s just another way to say that the energy that pushes pistons is heat, not pressure 
as we assume. The conventional compressor, unbeknownst to most engineers, does 
not invest its work in pressurizing an inert substance to produce this “pressure” which 
we imagine to be capable of doing work. As many textbooks of the earlier “hands-on” 
era of pneumatics will tell you, ALL COMPRESSION WORK IS LOST AS HEAT and 
therefore the work done by an air engine is derived from the heat the air carried before 
it was compressed. The act of compressing air into a tank is not an investment, but an 
attempt to put something where it doesn’t want to go, an attempt to achieve the 
impossible, so it’s not surprising that all the work done is wasted. Only by luck is it 
possible to smash air together, so some air ends up trapped in the tank after all this 
fuss is over and all the compression work has become friction and floated away into the 
atmosphere as more wasted energy. 

So had to go and refer to his mysterious uninvented process as a “little being” in a 
tank who sorts the air molecules into two separate zones of high and low energy 
content. The little being became the heart of the debate amongst the physics 
departments, and it became the task of ignorant slobs like me to realize that there is 
enough energy in a full tank of air to not only run the car but to also force/sneak a 
jetstream of sun-warmed atmosphere in through the back door while the physics clique 
is busy arguing about exactly why it can’t be done: the little demon is blind.. .the little 
demon is computer illiterate ... so many reasons the little demon is incapable of sorting 
molecules. But what about the two zones of unequal pressures? What about the kind 
of hardware and processes that routinely create zones of unequal pressure? All 
forgotten in the race to publish the most unintelligible paper. 

Let me be the first 
to pat myself on the 
back for learning the 
answer to Maxwell’s 
riddle, which is: Any 

process that converts 
pressure into velocity 
and back into 
pressure with 

minimum energy loss 
can be adapted to get 
low pressure air into 
a pressurized air tank 
against relatively low 
resistance. 

Candidates for 

Maxwell’s Demon, that 
is, examples of 
processes that convert 
pressure into velocity, 
are: the Bernoulli 

Effect, the Venturi Effect, the Coanda Effect, and sound waves. I have thousands of 
pages of documentation showing that these phenomena are routinely used for a large 
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SKETCH BY A MECHANICAL ENGINEER SHOWING THE ACOUSTIC 
PHENOMENA OF WAVE REFLECTION, WHICH COULD MAXIMIZE THE 
EFFECTIVENESS OF THE EQUALIZER IF IT WERE EMPLOYED IN 
DESIGN. 
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variety of exotic processes closely related to the process of creating an organized storm 
in a tank. The point is that, when we stop thinking of compressed air as the by-product 
of a compressor, and start thinking of it as a carrier of solar energy, then it suddenly 
behooves us to focus on any unusually affordable method of raising air’s pressure to a 
usable level so its internal energy (heat content) can be used to run an air engine for 
free. We no longer must necessarily draw an automatic mental connection between 
elevated pressure and the forceful squashing together of molecules into a confined 
space. We can do with air what we’ve been doing with steam for 150 years: we can put 
low pressure air into a high pressure tank. Once it’s in there, its pressure, or ability to 
expand, becomes elevated by mixing with what was already in there, and its energy, or 
ability to do work, is provided by the heat in the atmosphere, which is replenished 
constantly by the sun. 

I have one last complaint about the assumptions we make about compressed air. 
When I say “heat pushes pistons,” I also imply that pressure does not. Pressure is a 
gauge of compressed air’s ability to expand and push pistons, but pressure is only a 
sub-component of the air’s energy. Energy is the ability to do work, whereas pressure 
is only a component of force, and force is only a component of work, making pressure 
two steps removed from being qualified to do any work. Similarly, when pressure is 
converted into velocity, the velocity is only a component of momentum, and momentum 
is only a component of the kinetic energy that actually gets the fresh air into the full tank 
without a struggle. It is heat 
that provides the energy 
needed to push pistons, and it’s 
only because of the sun that 
the average tank of air is able 
to do anything at all. 

Understanding these few 
basic ideas about how 
compressed air works is 
essential to being able to use 
air to its best advantage, and its 
best advantage is that 
COMPRESSED AIR IS SOLAR 
ENERGY. All we need is a 
magic valve in an air tank that 
temporarily converts pressure 
into velocity, a natural process 
known as the Bernoulli Effect, 
to get low pressure air into a 
high pressure tank, without 
wasting a lot of stored air to get 
it done. Is that so hard? 



WICHITA, KANSAS, 1985: THE AUTHOR DRIVING TERRY 
MILLER AROUND IN CIRCLES IN TERRY’S PROTOTYPE AIR 
CAR, WHICH HE BUILT IN 1979 FOR $1500 AND 
DEMONSTRATED FROM COAST TO COAST. TERRY’S AIR 
CARS HAVE BEEN WRITTEN UP IN SEVERAL NATIONAL 
MAGAZINES AND TECHNICAL JOURNALS. 
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MODIFIED NEAL COMPRESSION UNIT 

based on Bob Neal’s U.S. Patent No. 2,030,759 

KEY COMPONENTS OF TEST CONFIGURATION 

MANUALLY OPERATED ON/OFF BALL VALVE 

TANK FULL OF COMPRESSED AIR 

INTAKE PORT AT ONE END OF TANK 

DISCHARGE PORT AT THE OTHER END OF TANK 

SMALL TWO-STAGE BOOSTER COMPRESSOR RUN BY SMALL PISTON AIR 
MOTOR THAT CAN OPERATE AGAINST DOWNSTREAM BACK PRESSURE 

EQUALIZER, A SERIES OF TWO CHECK VALVES IN TANK INTAKE LINE JUST 
UPSTREAM FROM WHERE JET PUMP CAUSES INTAKE AIR TO ENTER AND 
MIX WITH BOOSTER AIR 

TWO SAFETY VALVES, ONE TO VENT TANK INTAKE LINE IF OVER 10 PSIG, AND 
ONE TO VENT EQUALIZER TANK TO DRIVE TANK IF PRESSURE EXCEEDS 
200 PSIG 

JET PUMP, THE HEART OF THE DEVICE 

PRESSURE GAUGES, ONE IN COMMUNICATION CHAMBER OF EQUALIZER, ONE 
IN BLOWER DISCHARGE PIPE AND ONE IN MAIN TANK AREA 

POSITIVE DISPLACEMENT BLOWER OR LARGE VOLUME PISTON 

COMPRESSOR. AMBIENT PRESSURE IS BOOSTED BY HIGH-VOLUME-LOW- 
PRESSURE (HVLP) COMPRESSOR TO ASSIST ENTRY INTO SUCTION PORT 
OF JET PUMP. ROOTS BLOWER CAN BE USED IF JET PUMP SUCTION 
ACHIEVES 10 PSIG OR LESS; OTHERWISE A PISTON COMPRESSOR RUN AT 
A RELATIVELY HIGH SPEED WILL PROVIDE POSITIVE PRESSURE TO THE 
INTAKE CHECK VALVE OF THE EQUALIZER. IF ROOTS BLOWER IS USED, A 
SAFETY VALVE IS INSTALLED IN ITS DISCHARGE LINE TO VENT TO 
ATMOSPHERE IF LINE PRESSURE EXCEEDS 12 PSIG. 

MAIN EVENTS OF SYSTEM OPERATION 

OPERATOR OPENS BALL VALVE BY HAND AND ALLOWS AIR FROM TANK TO 
FLOW OUT TO SMALL AIR MOTOR WHICH RUNS A BOOSTER 
COMPRESSOR. 

THE BOOSTER TAKES SOME OF THE AIR FROM THE DEPARTURE PORT AND 
INCREASES ITS PRESSURE. ON ITS WAY BACK INTO THE INTAKE PORT OF 
THE TANK, THIS HIGH PRESSURE AIR (200-2000 PSIG, AS NEEDED) ENTERS 
THE DRIVE THROAT OF THE JET PUMP, A NOZZLE THAT IS DESIGNED TO 
CONVERT ALL OF THE DRIVE AIR’S PRESSURE INTO VELOCITY. 

THE RESULTING KINETIC ENERGY AVAILABLE FROM THE JET PUMP NOZZLE 
DRIVE AIR IS USED TO ENTRAIN (DRAG IN) LARGE QUANTITIES OF 
ATMOSPHERE TO THE INTERIOR OF THE TANK. RESIDUAL ENERGY IN 
BOOSTED DRIVE AIR NOT NEEDED OR USED TO ENTRAIN ATMOSPHERE 
RE-ENTERS TANK AND IS CONSERVED. 
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TESTING GOALS 

IF NO ATMOSPHERE IS ENTRAINED, PROXIMITY TO SUCCESS IS DETERMINED 
BY PRESSURE GAUGES CONNECTED TO THE THREE SPACES DEFINED IN THE 
TANK INTAKE LINE BY THE DOUBLE CHECK VALVE DISCHARGING INTO 
CENTER OF TANK, JUST UPSTREAM FROM JET PUMP DRIVE NOZZLE. THIS 
DEVICE IS THE EQUALIZER AND IS WHERE THE ATMOSPHERE ENTERS THE 
LOOP OF BOOSTER AIR. PRESSURE IN THE EQUALIZER DISCHARGE TAILPIPE 
LOWER THAN MAIN TANK PRESSURE INDICATES THE RESISTANCE THAT MUST 
BE OVERCOME BY INCOMING ATMOSPHERE. IDEAL JET PUMP SUCTION PORT 
PRESSURE IS 5 PSIG OR LESS FOR SELF-FUELING OPERATION. 

IF ENOUGH ATMOSPHERE IS ENTRAINED AT A LOW ENOUGH COST IN STORED 
POWER, EXTRA COMPRESSED AIR BECOMES AVAILABLE FOR USE IN 
UNRELATED ACCESSORY WORK SUCH AS RUNNING A CAR, PUMP, 
LAWNMOWER, OR GENERATOR. DRIVE TANK COLLECTS AIR RELEASED FROM 
EQUALIZER TANK BY SAFETY VALVE, AND THIS AIR IS AVAILABLE FOR 
EXTRACURRICULAR USE. 



THE HARDIE COMPRESSED AIR MOTOR CAR. 


THE PNEUMATIC LOCOMOTIVE INDUSTRY THRIVED FOR 50 YEARS. THE ONE SHOWN HERE 
WAS USED FOR METROPLITAN TRANSIT IN NEW YORK CITY BEFORE THE TURN OF THE 
CENTURY. ITS GREATEST SUPPORTER WAS GENERAL HERMAN HAUPT, A CIVIL ENGINEER 
WHO RAN THE RAILROADS DURING THE CIVIL WAR. 
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Interview with George Heaton, October 31, 1980 

George told me he'd take me aside after he'd had a lit- 
tle more time to think. When he finally beckoned me to join 
him in another room, I was paying attention. Though I wondered 
if this might be a prank or a misunderstanding, he hadn't been 
talking long before I had my notebook out . 

And there was no reason to think that either Maria or her 
husband was a prankster. I knew from spending long hours with 
Maria at the shop where we both worked that she was an intelligent, 
conservative working mother and the wife of a friendly and gener- 
ous man of many accomplishments. As he began to reminisce, George 
was telling me that in 1969 he'd been the vice-president of the 
California Fuel Dealers Association. In that role, he'd testi- 
fied before a legislative committee concerning the environmental 
dangers involved in the use of the catalytic converters needed 
with unleaded gas. He also warned me about compressor explo- 
sions, saying that one drop of oil contamination in an oxygen 
compressor could blow up a whole building. Unlike oxygen, com- 
pressed air isn't explosive, but he wanted to impress me with 
the seriousness of taking safety precautions when working with 
pressure equipment. 

George told me that around 1949, he and a friend converted 
some motorcycles and cars to run on compressed air. They converted 
the existing gas engines to run on air, with several modifica- 
tions that George described. 

The cars they built "worked like perpetual motion machines." 

His wording seemed to imply that the car seldom or never ran out 
of air, that this is considered impossible by those who should 
know, that it obviously is not impossible because George has 
done it, and that it's still considered impossible by those who 
should know. The key to doing the impossible was to put low 
pressure air into a high pressure tank, without having to compress 
the air first, that is, without having to force it in against 
the resistance of the pressure in the tank. This allowed the 
use of small air pumps running off the car's motion to keep the 
tank full, while the engine ran off compressed air leaving the 
other end of the tank. George didn't remember exactly how to 
get low pressure air into a high pressure tank, but he thought 
a good compressor man could probably figure it out . He did 
recall that the air entered the tank in a stream of quick spurts, 
or pulses, and he thought it might have entered the tank "at 
an angle or something." 

George and his friend "weren't engineers enough to know 
what pressures to use," and as a result they had trouble with 
their engines blowing up. That didn't keep them from driving 
their air cars across the country several times. The last time 
George was driving his air car across Nevada,' a piston blew 
out the top of the engine, through the hood, and up into the 
sky, where it disappeared from sight. Since gasoline was so 
cheap at that time, the hassles and hazards involved in building 
experimental cars outweighed the disadvantages of buying gasoline, 
and they built no more air cars. 

George suggested I get around the problem of converting 
existing engines to run on air, by using a 100 horsepower turbine 
air motor, which he said would weigh only 25 pounds. My later 
research turned up the 51A turbine air motor made by the Tech 

Development Co. of Dayton, Ohio. 



9 


Interview with Bob Neal's Son 
Luther Rangely, October 14, 1988 

(Floyd Neal started right in describing the engine hardware 
in some detail. I got my tape recorder hooked up while he 
was talking, and steered the conversation toward the equalizer, 
or "special valve" in the tank.) 

LR: Did you see the inside of the tank where that one special 
valve was? 

FN: Now he had a special valve where he could load the tank 
with very little pressure. That was a — the valve looked like 
an extremely skinny, long plumb bob. That's about all I can 
remember, like I say, I was just a small boy. 

LR: How old do you think you were? Maybe 16 or so? 

FN: Oh no, I was younger than that. Oh, probably maybe seven 
or eight years old, and probably the last I had anything to do 
with it, 'cause I was out going to school, probably maybe 13 
to 15. But I couldn't really give you any good detail. 

LR: Do you know about how long or how big the tank was? 

FN: Kell the storage tank was a streetcar tank. If I remember 
right they were probably about 1 6 inches by probably 4 feet. 

LR: Pretty big tank, huh? 

FN: Yes, the reason he used that, it was available. You 
probably wouldn't have to have that big a tank. As far as 
that goes, it was actually just to start it with. 'Cause then 
you see it starts producing air on its own. 

LR: Do you know what the principle is of being able to get 
the low pressure air into the tank? 

FN: That was, he felt, the valve. It was a type of valve that — 
it was a double valve of some sort. 

LR: Double check valve according to the patent. 

FN: Yeah, and you could load the tank with a lot less pressure 
than was in the tank. 

LR: Did he ever talk about water hammer or pulsejets? 

FN: No 

LR: You know when your water pipes start buzzing, vibrating 
in the wall, that kind of principle is what makes pulsejets 
work, and I was thinking possibly it was similar to that. 

FN: I couldn't really tell you. Have you come up with anything 
that you're working on? 

LR: Well no, I'm just a researcher, and this is so far the 
only patent I’ve found that actually said what it was trying 
to do. It doesn't say what the working principle is but I 
think I’ve figured it out. I think if you make the air vibrate, 
then it organizes itself into high pressure zones and vacuum 
zones, and the vacuum waves can be used to let that low pressure 
air in. So it's kinda like a ram pump, and pulsejets and other 
wave-type machines that work on causing the fluid to vibrate 
and make waves. So that's what I think it is, it seems to 
make sense to me, and that's what my research seems to lead to. 
FN: Well it's important to get that research. Have you actu- 
ally developed any kind of engine? 



LR: No, what I've got is, I've built the tank and I put the 
two check valves inside the tank, sorta like the way it looked 
in the patent, and I've got an air motor running a rotary 
compressor, to put the low pressure air in. And I'm getting 
low pressure air into the tank all right — 

FN: About what kind of pressure? 

LR: About maybe ten pounds — I can get it in at two pounds but 
if you run the air motor faster it pumps it up to a higher 
pressure. It's still going in at a much lover pressure than 
what's in the tank. So I think it's working, and I think 
having the compression and engine cylinders on the same crank- 
shaft is the secret. That's why I'm running the compressor 
direct with the air motor, so they're going at the same speed. 
FN: Sure. 

LR: Yeah. I think that's your dad's trick is to have the 
pulsations entering and leaving the tank at the same time so 
you just have that very clear, distinct wave in it. 

FN: Does Mr. M. have a picture of the engine? 

LR: Well he says he's got an article but he says it's off in 
a box somewhere and he doesn't even know where to start looking 
for it. 

FN: I thought he might have a photograph. Of course you're 
trying to discover something that's altogether different? 

LR: Well, yeah, I'm mainly sort of an air car advocate you 
might say. I'm exploring the whole area and I'm looking at 
all the different systems I can find, and so far I think this 
is the best, and I'm concentrating on it. And hopefully I'd 
like to build an air car that uses this principle--is the 
patent owned by someone now? 

FN: No, you know, it's run out. It's public domain. I was 
thinking about, oh a few years back, renewing it, but then it 
wasn't right for me and I just didn't deal with it and now I 
have no interest in it. 

LR: Well it seems to me like it sort of works similar to a 
perpetual motion machine, which is supposed to be impossible. 
FN: You know, when he patented that thing — he had trouble 
patenting it. Because they notified him and told him that 
the United States Patent Office was not interested in perpetual 
motion. And he fired a letter back to them and told them he 
wasn't either, he just wanted to patent an engine that was 
functional. And as a matter of fact he got busy and made a 
little — a small prototype — a hand carried model. And as a 
matter of fact I went with him to Washington when I was a 
little boy, and he put it up on Garrett Whiteside's desk — 
he was top man at the time — started the thing up, and he 
called in the investigative men, and they had to issue him 
a patent. You can't argue with a functioning engine, right? 

LR: That's right. Well that's great. So the little model 
had the tank and the valve and the — 

FN: Yes, it had everything and he could actually carry it in. 
LR: Well that's pretty good because they say in no uncertain 
terms that they won't grant one, and there's so many air car 
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patents that — 

FN: Yes. Don’t ever mention perpetual motion. 

LR: Right. Have you ever heard of anybody else that's done 
something like this with air? 

FN: No, I heard there was someone in the South, a couple 
years ago, but I don't know if it was just rumors or what. 

But I didn't really know about it. 

LR: What was your dad's relationship with Mr. M.? They were 
corresponding with each other? Or they were friends? 

FN: Well, I don't really know how they got — oh, I know what 
it — my dad's sister, my aunt, and her husband were living in 
California somewhere, and I think they were sitting in a city 
park or something, and the conversation just came up, during 
the conversation, and my uncle said, well, his brother-in-law 
was — oh, it was "odd things" — but he said his brother-in-law 
was working on an engine that ran on air. And Mr. M. heard 
that, and got interested, and got his address and everything 
and came down. I remember when he came down. That's how 
that started. I think that was about '45. 

LR: Well I've been working on this research for nine years 
and someone introduced me to Mr. M. over the phone. We had 
a three-way phone conversation and he started talking about 
this and we tracked down the patent. And I thought about it 
for about a year and a half before I figured out this wave 
principle for how it might work, and got some research to 
back it up. I think we're doing pretty good. Would you like 
to be on my mailing list in case we get something going and 
put out a newsletter? 

FN: Yeah. You know, there was another fellow that was interested 
in this: that was William Lear. He was kind of interested 
in seeing an air engine a couple of years ago. He came down 
to see me a number of times also. And that was over this 
valve — in the tank. 

LR: Did he look at it? 

FN: Well, I didn't have it. He came down to rtn£ place. 

LR: Ch. He's sort of like me, he was trying to get infor- 
mation from you. 

FN: Right. And I don't know, he did come up with some sort 
of an engine — steam, though, I think — and busses in L.A., 
years ago, and also in police cars. But I don't know. 

LR: Was he adapting your father's invention? 

FN: Well, at the time, he didn’t know if he was gonna go air 
or steam. 

LR: Mr. M. says you had to stop making this or stop developing 
it because somebody came from some government or something. 

FN: That was during the war years? 

LR: Uh-huh. 

FN: Yes, as a matter of fact, my sister was even kidnapped 
over it. Germany wanted it real bad. They tried to buy it. 

And of course my dad didn't do business with foreign powers 
or the enemy. Then they tried it their way. And they 
threatened him and said they'd have his family members killed 
off one at a time. What happened is he dismantled it, and 
scattered the parts all over the countryside. They just 


literally scared the old boy to death. 

LR: That was the Germans, huh? 

FN: Uh-huh. 

LR: That's pretty bad. 

FN: Yeah. Poor timing for him. 

LR: That was right after he got it patented? 

FN: Yes. His first engine was a lot bigger. The first one 
was fourteen cylinders — air compressors — it was a big "V". 

Then he decided that was too much, and then his last one was — 
he called it the "Model 39" — it was just half a block. It 
looked very similar, and the same size, as an old straight-8 
Buick, because the hangers and everything would drop right in 
on a straight-8 Buick. Because that's what he had at the time, 
and he wanted that to drop in there, and use the same drive 
line and everything. The engine actually looked like a letter T. 
LR: A letter T? 

FN: A letter T. Just straight like an old straight-8 and it 
was a "V" out front where the two pullers were, set a little 
off to the side. The crank on that \vas perfectly round. The 
pullers had a little larger throw. The engine was basically 
the same thing cut in two from the original patent. Seven 
compressors is like fourteen, working both up and down. I 
remember it, he hooked it up to a machine lathe and had it 
running that. It worked! 

LR: All right. Well I think it'll work because I'm partially 
showing it myself, a pretty crude, rigged-up system. 

FN: Well, have you actually produced an engine? 

LR: Well, not an engine, I'm just putting components together, 
I've used an air motor and I'm running a compressor with it, 
and I'm having that compressor put the air back into the tank. 
It's not putting enough back in the tank yet. Does his air 
motor cylinder — did they use the air pretty efficiently or 
did they let the air come in through the whole stroke and then 
exhaust it? 

FN: Well, evidently it was efficient but he had no way of using 
the same air. His engine, I believe it would fill the tank 
I believe to J40 or 150 pounds and then the excess would escape. 
LR: And then the exhaust from the engine just exhausted, right? 
It wasn't recaptured? 

FN: Yeah, just like a regular combustion engine. 

LR: Was the safety valve letting air out all the time or only 
when it was idling? 

FN: Well, it maintained that pressure. And if I remember 
right, I could hear the air leaving all the time, so I think 
it was producing quite a bit more even under load. 

LR: So even when it was running, the safety valve was letting 
out a kind of a regular spurt? 

FN: Yeah. Uh-huh. It made a hissing noise because he didn't 
muffle it. He just turned it loose. 

LR: That could be a key. If the safety valve was letting air 
discharge all the time, then that's important because it could 
be causing the pulse jet effect. Sudden discharge like that — 
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when you suddenly let a burst of air out through your safety 
valve — can create a vacuum inside the tank. 

FN: Sure. That's what it is, it's one of the features. That's 
what he said, "The valve i£ the feature." And like I said, 
as a small boy, I was thinking of other things. 

LR: Right. Well, those are pretty much the questions I had 
for you, I really thank you for taking time with me — 

FN: Well, I wish I could help you more, I just can't remember 
the finer details. 

LR: Well, that's fine, I think that the patent's pretty complete, 
but they just left the working principle out. It's probably 
just patent lawyers' tactics, you know. 

FN: Yeah, sure. That's the legal people for you. 

LR: Yeah. All right, Mr. Neal, I appreciate your taking time 
with me. 

FN: Well I appreciate talking to you. Hope it works out. 



jnZa.6. 



Bob Neal's U.S. Patent #2,030,759 shows an equalizer (75) that 
lets the compression cylinders pump low pressure air into a 
high pressure tank (71) without compressing it to get it in. 
Possibly the Maxwell's Demon that physicists have been debating 
for over a hundred years, the Neal Equalizer may decrease the 
cost of compressing air to nearly zero. 
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Patented Feb. 11, 1936 


UNITED STATES PATENT OFFICE 


2,030,759 

COMPRESSOR UNIT 
Bob Neal, Arkadelphia, Ark. 
Application January 9, 1934, Serial No. 705,964 
1 Claim. (Cl. 230—187) 


The invention relates to a compressor con- 
struction, and more particularly to a combina- 
tion fluid operated engine and compressor. 

The primary object of the invention is the pro- 
s vision of a compressor of this character, where- 
in there is arranged an automatically counter 
balanced crank shaft and fluid equalizers within 
a storage tank, which makes it possible for the 
said engine to operate on constant reserve tank 
jo pressure so as to actuate additional equipment, 
the pistons for the engine being also automati- 
cally balanced and suspended when the said en- 
gine is in operation. 

Another object of the invention is the provi- 
slon of an engine of this character, wherein the 
same is operated from air under pressure, the 
said air being supplied by compressors, these be- 
ing in bank with the engine construction. 

A further object of the invention is the provi- 
20 sion of an engine of this character, wherein the 
same is of novel construction, as the engine prop- 
er and the compressors are operated from the 
same crank shaft which is of the automatically 
balanced type, so that high efficiency is attained. 
25 A still further object of the invention is the 
provision of an engine of this character, which 
is comparatively simple in construction, thor- 
oughly reliable and efficient in its operation, 
strong, durable, and inexpensive to manufacture. 
30 With these and other objects in view the in- 
vention consists in the features of construction, 
combination and arrangement of parts as will 
be hereinafter more fully described, illustrated 
in the accompanying drawings, which disclose 
35 the preferred embodiment of the invention, and 
pointed out in the claim hereunto appended. 

In the accompanying drawings: 

Figure 1 is a perspective view of the engine 
constructed in accordance with the invention. 

40 Figure 2 Is a vertical transverse sectional view 
through the compressor part of the engine. 

Figure 3 is a vertical sectional view through 
the power part of the engine. 

Figure 4 is a detail elevation of the crank shaft 
45 of the engine. 

Figure 5 is an enlarged sectional view through 
one of the electric heaters for the engine. 

Figure 6 is a vertical longitudinal sectional 
view through the air storage tank including the 
50 equalizer. 

Similar reference characters indicate corre- 
sponding parts throughout the several views in 
the drawings. 

Referring to the drawings in detail the engine 
55 in its entirety comprises a cylinder block 10 hav- 


ing formed therein the scries of compressor cyl- 
inders H and the power cylinders 12, respective- 
ly. the block 10 being of the v-type and closing 
the upper ends of said cylinders arc the remov- 
able heads 13 and 14, respectively, which are se- 5 
cured in place by head bolts 15, as is conven- 
tional. Beneath the block 10 is the crank case 
16, which at opposite sides carries the detach- 
able plates 17. these being held in place by fas- 
teners 18 and such plates are seated so as to be 10 
leak proof. The block (0 is chambered to pro- 
vide a water jacket 19 about the cylinders, while 
at the forward end of the said block are water 
pumps 20 circulating water through the inlet pipe 
21 which leads into the jacket and letting said 15 
water out therefrom through the outlet pipe 22 
leading from said water jacket. Next to the 
pumps 20 is a fan 23 operated from a belt 24 
which also drives the pumps. 

Working within the cylinders 1 1 are the recip- 20 
rocatlng pistons 25, their rods 26 being slidable 
through packing gland? 27 and fixed to cross- 
heads 28. which are slidably mounted upon guides 
29 secured within the crank case 16 to opposite 
side walls thereof. These crossheads 28 are 25 
fitted with wrist pins 30 pivotally connecting 
therewith the connecting rods 31 which by the 
bearings 32 are engaged with their cranks 33 of a 
counter balanced crank shaft 34. which is mount- 
ed in supports 35 arranged in the crank case 16, :to 
the shaft being supplied with 'he required bear- 
ings 36. 

The inner ends of the cylinders ( I are fitted 
with inner end heads 37. which are provided with 
air intake ports 38. these being flt'cd with spring 
ball inlet checks 39. the air having admission 
through passages 40 opening exteriorly of the 
block 10. The glands 27 are associated with the 
heads 37. 

The heads 13 and 37 are provided with the -P> 
compressed air outlets 41 and 42. respectively, 
these being fitted with spring ball checks 43. the 
heads 13 being also provided with the central air 
inlets 44. which are fitted with spring checks 45. 

By couplings 46 arc attached to the air outlets 41 i"> 
and 42 the outlet feed pipes 47 and 48, respec- 
tively. these leading to a main conduit 49 located 
in the center channel 50 in said block 10. 

At the rear end of the block 10 and on the 
shaft 34 is the fly wheel 51. this being of conven- :.*i 
tional type. 

Working within the cylinders 12 are pistons 52. 
their rods 53 sliding through packing glands 54 
and fixed in crossheads 55 slidably mounted upon 
guides 56 which are secured within the crank 05 
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ca:>e 15 at opposite side walls thereof. The cross- 
heads 98 carry wrist pins 87 connecting there- 
with connecting rods 88, these being engaged by 
bearings 59 with their respective cranks €0 of the 
crank shaft 38. the inner ends of the cylinders 12 
being also closed by inner heads 61 with which 
arc associated the glands 54. 

On the cylinders 12 are slide valve chests 62 in 
which are the slide valves 63. these being oper- 
lo ated by throw rods 64 actuated by cams 65 and 
* such valves controlling the air admission and 
exhaust of air to and from the cylinders 12 
through the ports 66 and 67, and these valves 63 
are provided with the ports 68 for the delivery of 
air under pressure from the inlet passages 69 
common to a lead 70 from a compressed air stor- 
age tank 71. 

The bottom of the crank case 16 is fitted with a 
removable plate 72 which is secured in place by 
i'j) fasteners 73, and when this plate is removed 
access can be had to the crank shaft 34 and the 
bearings for the engine, as well as other parts 
within said crank case, as should be obvious. 

Leading into the cylinders 1 1 are the passages 
21 74 of a lubricating system (not shown) . 

The storage tank 71 for the compressed air 
includes therein a double check discharge nozzle 
75, this being supported by a member 76 and 
leading to this equalizer is an air inlet pipe 77 
no which has the communication 78 with the cham- 
ber 79 formed by said tank. In the equalizer 75 
are the spaced spring ball checks 80 and 81, 
respectively, one being for the inlet side and the 
other for the exhaust or outlet side of said equal- 
35 izer. This pipe 77 is connected with the main 
conduit 49. while a pipe 82 is connected with the 
leads 70, the tank being also fitted with an auto- 
matic relief valve 83 of any approved type. 

About the pipes 70 for the passages 89 are the 
.10 electric heating units 84 which are for the pur- 
pose of heating the air under pressure above a 


freezing temperature when delivered from the 
tank 71 to the cylinders 12. 

Supported on the block 10 is an electric gen- 
erator 88 which is driven from the shaft 34 
through a belt 24 and this generator is Included 5 
in an electric circuit which also has the heaters 
64 so that these will operate from current fur- 
nished by said generator. 

The storage tank 71 with the equalizer is so 
constructed that It is possible to pump air into 10 
the said tank with a tank pressure of two hun- 
dred pounds, while the compressors are only 
pumping against fifteen pounds or atmospheric 
pressure. Outside air pressure source can be 
coupled with the tank to augment that pressure 15 
derived from the cylinders 1 1 of the engine. 

What is claimed is: 

In a structure of the kind described, a V-shaped 
cylinder block provided with upwardly divergent 
cylinders, end heads fitted to said cylinders at 20 
opposite ends thereof, each head having v&lved 
inlets and outlets, a main outlet lead between 
the cylinders of the block for a storage tank and 
having lateral branches to the outlets at the 
inner sides of said heads, one inlet being located 25 
at the center of each head at the outer ends 
of said cylinders while the remaining inlets are 
at the outer sides of the heads at the inner ends 
of said cylinders, a substantially V-shaped crank 
case fitted to the block beneath the cylinders, a so 
counterbalanced crank shaft Journaled in the 
crank case, pistons operating in the cylinders 
and having rods extended into the crank case, 
crosshead guides fitted to the sides of said case 
interiorly thereof, crossheads connecting the rods 35 
with the guides and slidable on the same and con- 
necting rods operated by the crank shaft and 
pivoted to the crossheads for reciprocation of 
the pistons, 

BOB NEAL. 40 
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Chain of Invention 

From the First Engine to Bob Neal’s Equalizer 
by Scott Robertson, 1989 


in 1670, Christ. iaan Huyghens devised the first-ever en- 
gine, made up of a cannonball acting as a piston in a vert i- 
ca 1 cylinder. An explosion of gunpowder under the ball would 
raise it in the vertical cylinder, then it would fall back 
down the cylinder under its own weight. Huyghens' engine was 
able to pump water by the suddenness of the motion imparted 
to the cylinder's contents by the explosion. Behind the high 
pressure explosion pushing the ball up the cylinder, there 
was an implosion, a sudden and short-lived partial vacuum or 
rarefaction wave, in the cyinder. Because of the subatmos- 
phenc pressure, or depression, in the cylinder, the atmos- 
phere added its own energy to this engine cycle to force the 
next cylinderful of water into the rarefied space under the 
ball. Then the ball fell back down the cylinder, pumping the 
water back out. Each explosion would "scavenge" the cylinder 
by clearing it of any water left over from the last cycle, 
by means of a high pressure blast or compression wave. 

Huyghens' basic discovery — the depression left inside 
a closed cylinder after a sudden outward pulse--was the wor- 
king principle that Thomas Savery used in taking the engine 
to the next stage in its development. The alternating wave 
in the fluid to be pumped comprised a fluid piston that did 
the pumping. Pulses of steam alternately scavenged the two 
chambers of Savery ' s engine, and each chamber would automati- 
cally refill with water because of the depression left behind 
each scavenging pulse. Savery 's engine had no moving parts 
except valves. The mass exit of the chamber's contents left 
a depression that induced the next chamberful of water, and a 
pulse of steam pumped this water out. The pulsometer pump, 
which was manufactured from 1876 to at least 1938 , used the 
same principle. 

Newcomen's and Watt's cumbersome piston engines, laden 
wth expensive moving parts, took precedence in the developing 
engine industry over the simpler fluid piston principles that 
Huyghens and Savery pioneered. This was, in effect, an early 
version of engineered obsolescence. 
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Bob Neal's patented Compressor Unit is the only device 
I know of that can provide the essential hardware needed to 
run a self-fueling air car. Neal filed his patent in 1934; a 
trip to Washington with the working model secured him a pa- 
tent in 1936 ; shortly thereafter he had to abandon the pro- 
ject due to harassment by the Nazis. The Nazis perfected the 
pulsejet engine in 1943; the French were developing their own 
pulsejet, which had no valves, at the same time. This pis- 
ton less piston engine --a tube containing a self-sustaining 
fluid piston — proved to be the most powerful engine for its 
size that was ever built. And none of the pulsejet' s inhe- 
rent defects, such as high noise levels or wasted residual 
energy in the exhaust, apply to Neal's "equalizer" since the 
equalizer is inside a tank full of compressed air. 

Michel Kadenacy filed the first of his twelve U.S. pa- 
tents in 1934, eight months after Bob Neal filed his patent. 
Kadenacy filed his French patents on August 1, 1933, a few 
months after Hitler took power. Kadenacy ' s system of scaven- 
ging and charging an engine cylinder is still the theory be- 
hind two-stroke engine tuning. The Kadenacy Effect could be 
called the Huyghens Effect, but Huyghens already had a prin- 
ciple named after him. The Huyghens Principle describes the 
tendency of each wavelet m a wave field to propagate its own 
wave field. The work of Huyghens became the foundation for 
the work of James Clerk Maxwell, the founder of mathematical 
prediction in theoretical physics, who predicted the disco- 
very of overunity dynamic pressure exchangers (Maxwell's De- 
mon) in his textbook THEORY OF HEAT in 1870. 

Arkansas shoemaker Bob Neal's compressor unit is Max- 
well's Demon reduced to hardware, and it's also the logical 
idealization of Huyghens' first-engine-in-history. The Neal 
Equalizer will one day be considered a refinement in enginee- 
ring thought that paved the way for the age of sustainable 
technology to take hold in the 21st century. 


Grass Valley, California 
Groundhog Day, 1989 
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Resonance in Closed-ended Pipes 
(written for this work by a retired mechanical engineer) 

Considering only pressure changes--tha t is, compressions, C, 
and rarefactions, R--in a closed pipe whose length, L, is 
adjusted to be one-fourth the wavelength of the entering sound 
(Fig. 1), let us follow successive regions of C and R as they 
move into the pipe and are reflected from the ends, remembering 
that change of pressure phase occurs at the open but not at the 
closed end. 

• ••••• 




The compression wave enters the pipe, is reflected at the 
closed end, and reaches the open end just as R, is about to 
enter. As R^ enters, C. is reflected back in the opposite phase 
as an R, and unites witn entering Rj, . The now amplified R^ is 
reflected at the closed end, and on returning to the open end, 
is reflected as an amplified C, which is further amplified by 
uniting with entering Cy • 

Thus the pressure disturbance traveling back and forth within 
the pipe is greatly augmented, and an intensity is built up within 
the pipe which is very much greater than that in a corresponding 
length of the incoming wave itself. In this way , a sound of such 
low intensity as to be inaudible outside the pipe becomes loud 
and clear on reinforcement be the resonance built up in an air 
column properly tuned to respond to it. 

The same phenomenon occurs likewise if the closed pipe is 


three-quarters wavelengths of the incoming wave. Compression 
then unites with rarefaction R 0 , and these again with and R^ ; 
also, meets rarefaction R^ and C , . Similarly one gets reso- 
nance in a closed pipe if the length is any ODD number of quarter- 


wavelengths (see Fig. 1 again). 

Resonance, closed pipe, for L 


1 , 3 , 5 , 7 ,.., 


\( 2n-l ) 
4 


or for a given pipe length, response will occur for waves of length 
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L . cb i J x — V 3. Motor-Driven Centrifugal Compressor — This is 

used to supply air during the starting period and to sup- 
1 *: Single Crankshaft Op- Fig. 12. Double Crankshaft Op- plement the turbocharger. On some large engines with 

pose is on UnMlow Scavenging posed Piston Uni-flow Scaveng- pulse-type turbocharging, such motor-driven com- 

ys em# System. pressors can be disconnected after the engine is started. 
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HOERBIGER 





CHECK VALVES AND THEIR EFFECT ON PULSAT]ONS 

AIR INTAKE 



» APEXIT 


FIG. 1 RECIPROCATING COMPRESSOR WITH DAMPER AND CHECK VALVE 


Reciprocating compressors are equipped with automatic 
suction and discharge valves, which act as check valves: 
one allowing gas to enter the cylinder and the other to dis- 
charge it after compression. In addition, for safety reasons 
a separate check valve is usually installed in the piping 
downstream from the compressor. Process considera- 
tions, too, may require the downstream installation of fur- 
ther check valves. Typically for this purpose the piping 
engmee r has a choice of several types of check valves 
that include the flapper-type, swing-type, piston check and 
the plate-type check valve, which is similar in design to 
the compressor valve. 

A special study was conducted using a Hoerbiger Depend- 
A-Check' 1 valve, to prove that plate-type check valves act 
as pulsation dampers. 

Single-acting piston compressors discharge the com- 
pressed gas intermittently or, more exactly, in a cyclic 
manner during about one-quarter of a crankshaft turn. This 
cycle creates pressure waves called pulsations. Double- 
acting compressors discharge gas twice as often, and 
compressors with several cylinders in parallel, more often 
still. Although this makes the flow more uniform, pulsa- 
tions are still present though at a correspondingly higher 
frequency. 


The pressure peaks of a pulsating flow spread out in the 
gas at the speed of sound and. in addition, are earned 
away by the flow at its velocity. 

Pulsations in industrial plants are undesirable for a num- 
ber of reasons. They may, for example, impair the process 
by disturbing the orderly performance of flow sequences, 
create cyclic stress loading on the materials and vibra- 
tions in the piping system. The consequences thereof may 
be damages to the plant equipment and production 
problems. Some frequently reported mechanical damages 
are cracks in piping, heat exchanger or vessel welds; fa- 
tigue failures of heat exchanger tubes; damage to pipe 
supports; and the spontaneous loosening of nuts, bolts 
and anchor bolts. Vibrations also result in noise emissions, 
particularly in the case of building vibration. 

In general, pressure peaks in pulsating flows decrease 
gradually due to turbulent flow, mixing and friction as the 
gas flows down the pipe. These effects are influenced by 
factors such as flow velocity, gas characteristics, rough- 
ness of pipe wall and duct geometry. However, the 
decrease is so gradual that most industrial plants require 
additional measures to subdue the pulsations. In contrast, 
pressure peaks may also increase. This occurs when the 
pipe geometry is of such a shape that the system is in 






38resonance (the systematic vibration of gas in the pipe — 
similar to a pipe organ). The gas vibration under these 
conditions may considerably increase the pressure waves 
discharged by the compressor resulting in highly destruc- 
tive forces. 

To soften the pulsation, a damping bottle is usually in- 
stalled in the discharge piping. A damping bottle is a ves- 
sel equipped with internal baffies, such as perforated 
plates, that help to even out the pressure peaks by act- 
ing as orifices that cause turbulent gas mixing. 

Compressor valves are designed for operation in pulsat- 
ing flows, and so are many plate-type check valves. Fig. 
2 and Fig. 3 show the details of a type of compressor valve 
frequently used. When in the closed position the valve 
plate covers the seat. The plate in the case under con- 
sideration is fixed by a flexible arm, the elastic force of 
which is boosted by additional spring plates. Hence, the 
valve closes against the flow direction with declining pres- 
sure load. With the valve plate in lifted or open position, 
the gas passes through a number of ring shaped ports 
in the seat, plates and guard. The designer has the op- 
tion to vary several parameters, such as the number of 
ports, the port width and the lift height, so that the flow 
and geometry are tuned to the operating conditions, 


The ring shaped ports in the various valve parts form strip- 
type passage areas that act as orifices followed by abrupt 
widening of the cross-section resulting in eddy formation, 
as in the case of the perforated plate. Also, the various gas 
streams flow towards each other, thus effecting a further 
evening out of the pressure peaks. Therefore, it may be ex- 
pected that a valve of this design will exert a damping in- 
fluence on a pulsating gas flow, as simulated graphically in 
Fig. 4. 
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FIG. 3 EXPLODED VIEW OF A FRICTIONLESS GUIDED 
PLATE VALVE (Hoerbiger^) 

1. Valve with center bolt assembled and dowel pinned 

2. Valve plate 

3. Lift washer, middle 

4. Spring plate 

5. Guard 

6. Washer, if required 

7. Lock nut 





FIG. 2 FRICTIONLESS GUIDED PLATE VALVE WITH 
FLEXIBLE GUIDE ARMS (Hoerbiger*) 


FIG. 4 GRAPHICAL REPRESENTATION OF EXPECTED 
DAMPING CAUSED BY A PLATE-TYPE CHECK 
VALVE 
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To prove this, a number of tests under conditions similar 
to field environments were conducted in Hoerbiger’s test 
facility in Vienna, Austria. The test set up was basically 
as shown in Fig. 1, but without a damping bottle. A one- 
stage reciprocating compressor was used to discharge air 
into a piping system in which a check valve of the type 
shown in Fig. 3 was installed. To study various design 
parameters the valve could be removed and changed. The 
aim was to measure the cyclic pressure variations at var- 
ious points of the piping. Pressure transducers installed 
at these points produced signals that were fed to a 
calibrated oscilloscope. The analysis of the gathered test 
data proved that a considerable damping of the pulsation 
was achieved. 


Fig. 5 shows on top the oscillogram produced by a pressure 
transducer installed just upstream of the check valve, and 
beneath it one generated by a transducer just downstream 
from it. The curves represent the pressure variations ver- 
sus time. The pressure peaks caused by the discharging of 
the compressor can be clearly seen to spread across about 
a quarter of a cycle. For reasons of clarity the zero point of 
the lower curve was shifted slightly below that of the upper 
curve. The pressure peaks were measured and yielded the 
result that the pulsation intensity downstream from the 
check valve had decreased by as much as 25%. 



FIG. 5 OSCILLOGRAM OF PULSATIONS UPSTREAM TO 
AND DOWNSTREAM FROM A PLATE-TYPE 
CHECK VALVE 


Fig. 6 shows further test results. In this test the lift of the 
valve plate was reduced by approximately one-third as com- 
pared to the previous test. The oscillogram shows a 
decrease of the pressure amplitude by as much as 32%. 



FIG. 6 OSCILLOGRAM OF PULSATIONS UPSTREAM TO 
AND DOWNSTREAM FROM A PLATE-TYPE 
CHECK VALVE WITH REDUCED LIFT 


During the first test the ratio of the free flow passage area 
in the valve to the free area in the pipe section had been 
0.53; in the later case it was 0.36. It had been expected 
that the damping effect would grow with decreasing area 
ratio based on the following simple thought: The bigger 
the volume of the upstream buffer vessel — in this case, 
the piping — and the smaller the free passage area of the 
nozzle — in this case, the check valve — the more uni- 
form will be the downstream flow if a pulsating flow is fed 
to the system. This principle was verified in the test. 

To avoid the above-mentioned gas vibrations, the system 
has to be "out of tune”, so that the exciting pulsation does 
not meet with resonance. Frequently, however, for 
process, design or space reasons there is no way to modi- 
fy the shape of the flow duct, or even to shift its supports. 
For example, the pipeline may be supported by the struc- 
ture of a building, the frames of which obviously cannot 
be moved. In. such a case, by installing a plate-type check 
valve a considerable softening of the vibration can be 
achieved, as was proved in other simulation tests. By in- 
serting this element into a suitable spot in the flow sys- 
tem, the latter may be de-tuned. 
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time histories obtained from controlled tests 
following a pump trip when, in the upper trace, a 
swing check valve was fitted. For comparison 
purposes, the lower trace is for the same 
conditions but with a nozzle type check valve 
used instead. 

Distribution 



arranged in parallel showing the location 
of the valves and pressure measuring 
points. 



Fig.2. Comparison of pressure-time histories 
immediately downstream of the check 
valve (point 2) in Figure 1. Three pumps 
were in service initially; this one was 
tripped out at zero time. 

The test conditions were that three pumps 
were running and one, for which the results are 
given, was tripped out. The only differences 
between the two sets of teats were (a) the nominal 
diameters of the swing and nozzle check valves 
were 600 mm and 500 mm respectively and (b) the 
pump impeller was reduced from 650 mm to 620 mm 
diameter. However, the initial steady conditions 
were of the same order for both tests and yet the 
results are markedly different. 


Another example is illustrated with Figures 3 
and 4 which refer to a power station condensate 
extraction system. Several comparisons have 

been made (13) but the figures shown concern a 
manual pump changeover. The sequence in both 
cases is: 

Pump ’B 1 running - Start Pump 'A' 

- Trip out Pump ’B'. 

Figure 3 shows the pressure-time response 
when the pumps are protected by swing check 
valves; Figure 4 is the corresponding response 
when nozzle type non-return valves were fitted 
instead. 




Fig. 3. Pressure-time records for a manual pump 

changeover when the pumps are fitted with 
counter-weighted swing check valves. 




Fig. 4. Figure 3, but with the pump fitted with 
nozzle type check valves. 


These are two of several multi-pump examples 
(14) that could be quoted by way of illustration. 
However, even single pump installations can be at 
risk, particularly if they supply a pipeline 
protected by an air vessel. In such a case, when 
the power driving the pump is lost the air vessel 
acts as an energy source analogous to other 
pumps continuing to run in parallel. Liquid is 
forced out of the air vesel and into the system 
tending to maintain forward flow down the pipeline 
but also tending to flow back through the pump. 
If the check valve iB slow in responding ideal 
conditions for hazardous check valve slam are 
created. Figure 5 is an example pressure-time 
history for a laboratory test on such a system. 
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Fig. 5, An example of upstream and downstream 
pressure- time histories for tests on a 

swing check valve in a single line 

following a simulated pump trip Note 

that ’time’ goes from right to le 

Since the final flow stoppage is virtually 
instantaneous, the pressure transient created on 
the donwstream side of the valve is a Vapid’ 

event in the context of fluid transients and the 
magnitude AH of the pressure head rise caused by 
the reduction in flow velocity from Vp to zero may 
be estimated from the well-known Joukowski 

equation, i.e. 

cVr 

AH = (1) 

where c is the speed of propagation of transient 
pressure waves in the pipeline (typically 1000-1200 
m/s in steel pipelines) and g is acceleration due to 
gravity. In approximate terms: 

AH « 100 Vp metres head. 

It is therefore imperative that the maximum 
reverse velocity Vp> which occurs virtually at the 
instant of closure, should be reduced as near to 
zero as possible. This can only be achieved by 
careful design and selection of check valves which 
must be matched to the system of which they are 
an integral part. 

It should be noted also that the occurrence of 
high transient pressures is not restricted to the 
downstream side. On the upstream side of the 
closing valve, as the reverse velocity is reduced 
to zero, the falling pressure may easily drop to 
the vapour pressure of the liquid and a vaporous 
cavity produced. This cavity will normally 

collapse rapidly in response to pressure waves 
reflected from further upstream giving rise to 
large pressure pulses which may, in some 
circumstances, cause the check valve to re-open 
momentarily and then crash back onto its seat. 
The remedy is to select a valve that is capable of 
responding sufficiently quickly to the changing 
flow conditions so that pressure fluctuations due 
to the valve closure itself are within acceptable 
limits. This does not necessarily mean that 

closure must occur at the instant the flow velocity 
is zero, the pipeline may be capable of 

withstanding a rapid shut-off from a small forward 
or reverse velocity. 

Equally it is misleading to define or specify 
valve responses in terms of a required closure 
time since it is not this in itself that is important, 
but the flow velocity at the instant of closure. 
This is dependent on the system being considered 
and although a particular time delay is acceptable 


for a given valve on one system it would usually 
be quite inappropriate for another. 

CHARACTERISING THE DYNAMIC BEHAVIOUR OF 
CHECK VALVES 

In seeking to understand how check valves 
respond to rapidly changing flow conditions 
engineers have had two principal motives: 

(i) to establish the desirable characteristics of 
check valves to provide a basis for improved 
design and selection, and 

(ii) to develop suitable mathematical means of 

describing valve response for inclusion in 
computer codes used to predict fluid 
transient behaviour of pipelines. 

These objectives prompted two lines of 

research, a variety of experimental studies (1,2, 

4,8, 11-14) in which several valve types were 

studied independently and under different 

circumstances, and theoretical studies (3,5,6,10, 
11,12,14,15) which in the main referred to attempts 
at developing equations of motion for the valves, 
although two (12,16) introduce the use of 
dimensional analysis and dynamic similarity to 
enable experimental data to be expressed in terms 
of useful equations. 

DESIRABLE CHARACTERISTICS 

The empirical studies previously referenced 
were undertaken on both prototype plant and test 
facilities in engineering laboratories. Despite the 
results having been produced from a variety of 
sources there were sufficient comparisons that 
some meaningful conclusions could be drawn (5,14). 
The principal ones were that a good response to 
changing flow conditions could be obtained if: 

(i) the moving parts of the valve are of low 

inertia, 

(ii) their motion is assisted by a spring or 

springs, and 

(iii) the distance/angle through which the moving 

elements have to travel is small. 

The extent to which actual valves possess 
these features can be illustrated graphically in the 
form of Dynamic Performance Characteristics after 
the fashion first proposed by Provoost (4) - see 
Figure 6. 

The vertical axis is the maximum reverse 
velocity that occurs during valve closure, usually 
immediately before the moving elements are seated. 
The base line is the mean deceleration of the 
liquid column as the flow is brought to rest. In 
practice, this is the slope of the main part of the 
velocity-time trace, which seems to be fairly 
constant in many cases. 

On such a performance chart, the ideal curve 
would be coincident with the horizontal axis. The 
swing check and ball valves which are the subject 
of the upper curves are clearly a poor match, 
whereas the nozzle valve with a strong spring is 
the best suited to the system. 

To select a check valve for a particular 
system the procedure to be adopted is to 
determine the deceleration of the liquid column 




(dV/dt) under expected transient or fault 

conditions and then by reference to valve 
performance characteristics select a valve that has 
an acceptable dynamic response - i.e. not 
necessarily the best, but one that is adequate for 
the job. In some systems swing check valves 
may still be good enough, but in others a very 
high level of performance may be essential. 



Fig>6. Typical dynamic performance 

characteristic, after the style of Provoost 
(2,3) which should be provided by valve 
manufacturers. 

Before proceeding to a discussion of how these 
experimentally determined dynamic characteristics 
can be used in conjunction with computer codes, 
the purely theoretical developments which were 
evolving concurrently will be mentioned briefly, 
for completeness. 

THEORETICAL STUDIES 

When a valve, or any other component, ib 
incorporated into a mathematical model of the 
unsteady flow through a piping system it is 
necessary to have equations relating the pressure 
change , AH > across it to the flow , Q' through it, 
i.e. 

AH = f(Q) (2) 

The precise form of the equation depends on 
the nature of the component, and for valves can 
include experimentally determined loss coefficients 
and the state of opening or closure as preferred. 
For check valves this leads into a need for 
equations relating the forces and torques to the 
kinematic behaviour of the moving elements. For 
example, for swing check valves, torques due to 
gravity, Tq, fluid pressure, Tp, friction Tf, 

buoyancy Tg, and springs Tg, are related to the 
angular acceleration 0 by: 


T G + T P + T f + Tg + T s r (l D + I F )e (3) 

The right hand side of this equation contains 
the inertia Ig and Ip of the valve door and 
adjacent fluid respectively. 

When the valve elements move axially, as in 
nozzle and plunger type valves (3) the general 
form of the corresponding equation of motion is 
similar to equation (3). Forces replace torques 
and masses replace inertias. 

The gravitational, buoyancy and externally 
applied torques, together with the inertia of the 
moving elements in the valve, are easily 
determined from valve dimensions and material 
properties. The remaining terms require some 
degree of speculation supported by carefully 
controlled experiments for the deduction of 
empirical coefficients. For example, it may be 
postulated that the friction torque, Tf, would be of 
the form: 

Tf = K i + K 2 e n (4) 

in which K lt K 2 are constants and n an arbitrary, 
and perhaps constant, power. 

Similarly, hydrodynamic forces/torques will 
depend on the rapidly changing flow patterns 
around the valve, its position and the flowrate Q, 
e.g. 

T P = f<Q,e,e,e) (5) 

The precise form cannot be found analytically 
- a probable form might be supposed and empirical 
coefficients determined for particular examples. 

The remaining inertia term, Ip, refers to the 
added mass effect of the fluid moving in close 
proximity to the valve door. It is somewhat 
speculative, but from experiments in air and water 
(17) it does appear that the added mass effect for 
a circular swinging gate valve could be estimated 
as being equivalent to a sphere of fluid having a 
diameter the same as the valve door and with 
their geometric centres coincident. 

Due to the indeterminate nature of some of the 
components of equation (3), and the wide variety 
of valve types and sizes, recent developments in 
the form of non-dimensional groups (14,12) 
especially when allied (12) to the Provoost style 
dynamic characteristics would appear to show most 
promise for inclusion in computer models of 
transient flow. 

SCALING LAWS AND DIMENSIONLESS 

CHARACTERISTICS 

The benefits of model testing in thermo-fluids 
engineering are well-known and such techniques 
are frequently used - pumps, turbines, aerofoil 
sections etc., being common examples. In 

particular, model testing frequently helps keep 
development costs within acceptable limits as well 
as providing important insights into fluid flow 
phenomena. 

An essential pre-requisite of model testing is 
that geometric similarity must exist between model 
and prototype. This helps ensure kinematic 

similarity, i.e. similarity of flow pattern, which in 
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turn leads to dynamic similarity or similarity of 
forces and torques. 

The hope is then that data collected from 
experiments with models can be expressed in terms 
of suitable non-dimensional parameters which will 
apply to both the model and the prototype. 

Combining and extending ideas proposed by 
Collier and Hoerner (16) and Koetzier et al (12) 
parameters that are relevant to the dynamic 
behaviour of many non-return valves are: 

D characteristic diameter 

dV/dt mean fluid deceleration 

v Q flow velocity when the valve is just fully 

open (critical velocity) 

vp maximum reverse velocity just prior to 

closure 

pj^ density of the moving elements 

pf density of the fluid 

F 0 net spring and gravitational force on the 

moving element when just fully open 
F s net spring and gravitational force on the 

moving element when closed 
fj fluid viscosity 

Ap frictional pressure drop across the valve, 

x distance travelled by the moving element 

from its seat. 

These eleven parameters, which between them 
contain the three fundamental properties of mass, 
length and time, can be arranged into eight 
independent groups using one of the several 
techniques that are available (18), e.g. 

Buckingham-Pi theorem or the Rayleigh method. 

Taking pp D, and fJ as the repeating variables 
the following groups can readily be developed: 

D dV ^R Fo Ap V 0 P m F 0 x 

v? ' dt ; v; 1 p f JP* ' £7 : Fg : D 

This set really applies to valves in which the 
moving element translates in an axial direction. A 
similar set can, however, be derived for swing 
type valves and split disc types, in which case 
the forces would be replaced by torque, To/linear 
characteristic dimension. The third and last 

parameters would then be: 

PpjjD “ d T <^ T s 

Complete matching of these groups between 
models and prototypes will be impossible, but some 
can be ignored as being of minor importance and 
the others categorized into two groups: (a) those 

of primary importance and (b) those of secondary 
importance which should be kept as nearly 
consistent as reasonably possible. 

Of minor importance will be the 
non-dimensional critical force, F o/Pf v o 2c)2 » 
frictional pressure drops and viscous effects 
generally in terms of Reynolds numbers. Collier 
and Hoerner (16), for example, showed from a 
series of tests that at various opening positions of 
a split disk (dual plate) valve the ratio Ap/p^V^ 
was essentially constant. 


as: 


V R _ ,D dV Pm 
% = *v3 • dt • ' 



( 6 ) 


and also suggests ways to develop experimental 
programs to provide the maximum amount of useful 
information from the minimum number of tests. 
For example, Figure 7 (taken from Koetzier et al 
(12)) is a plot of Vr/V q versus D/V§. dV/dt, 
assuming all other three parameters in equation 
(6) are constant. Figure 8 is a similar diagram 
for a nozzle type of non-return valve. Three 
sets of data are shown, having been obtained from 
tests into the effect of spring strength on valve 
response. It is observed that the normal and 
weak springs give essentially the same response 
although there is a slight deviation with the 
strc.ig springs. Given that mean fluid 

de erations are used to obtain these data points 
th degree of scatter for preliminary results of 
th. nature is not unreasonable and indicates that 
this approach has definite promise. 



Fig.7. Dimensionless dynamic characteristic for a 
non-return valve. 

All of the results to which reference has been 
made relate to tests in water. From equation (6) 
one of the dimensionless parameters is P m /Pf» the 
density ratios of the moving element and the fluid 
in the pipeline. No attempt has yet been made to 
assess how closely it is necessary to conform to 
this ratio when other fluids are being pumped. 
For example, if, say, oil of relative density 0.875 is 
being pumped, how important is it that the valve 
elements be manufactured from a material 
correspondingly lighter to obtain the same dynamic 
response? Future tests with different fluids and 
valve elements of different materials will provide 
an indication. 


It will be noted that the first two 
non-dimensional groups contain the principal terms 
of the dynamic characteristic shown in Figure 6. 
This points to the idea that dimensionless 
characteristics can be expressed in equation form 


REPRESENTATION OF CHECK VALVE BEHAVIOUR IN 
COMPUTER CODES 

The most common assumption in computer 
codes is to assume that the valves close at the 




tvv rt A 


45 


instant the flow reaches zero at that location, even 
though it may be recognised that this is not quite 
true. Some attempts have been made to 

incorporate a delay using techniques such as 
swept volume during closure, e.g. based on 
reverse velocity multiplied by the area of the 
moving element, but it has been acknowledged 
{ref. 11, for example) that these methods can also 
be quite inaccurate. 
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Fig. 8. Dimensionless dynamic characteristic for a 

800 mm nominal bore nozzle type check 
valve for three spring strengths. 

If, as a result of incorporating data from 
several valve sizes in the same homologous groups, 
it transpires that a single curve results, a much 
better and simple representation of check valve 
behaviour will be possible. A strategy for 

achieving this is as follows: 

(i) From a knowledge of the permissible maximum 
pressure in the pipeline and valve casing (due 
to acceptable stress and shock load levels) 
specify an acceptable pressure head change AH 
due to a sudden stoppage. 

<ii) From equation (1), obtain the maximum 
permitted reverse velocity Vr, by solving: 

Vr = gAH/c (1) 

(iii) Normalise V R by dividing by V Q , the flow 
velocity when the valve is just fully open - 
sometimes taken from experience or by design 
as 75% of the intended flow velocity. This will 
give an upper limit on charts such as Figure 
7. 

(iv) In the computer code to be used for transient 
analysis, the boundary condition representing 
the check valve should arrange for the valve 
to close at the instant the flow velocity 
reaches the value of V^. 

(v) From the predicted velocity-time history at the 

valve up to this point the mean fluid 
deceleration is obtained. Normalising this 

with v Q and D, and reading up on Figure 9 to 
intersect with the corresponding V R /V Q line 
enables a valve with a suitable dynamic 
response to be selected. 



Fig. 9. Indication of how non-dimensional valve 
performance curves may be used for check 
valve selection. Valves T4 and T5 would be 
suitable. 

(vi) The pressure-time histories should also be 
scrutinised carefully to confirm that the 
maximum pressures experienced adjacent to the 
valve do indeed remain within acceptable 
limits. 

In order to adopt the foregoing strategy it is 
essential that adequate dynamic response curves 
are available. It has been argued previously 
(9,12) that just as pump and turbine 
manufacturers are expected to produce 
performance curves for their equipment, so too 
should manufacturers of check valves. It is even 
more true now than before. 

RESPONSIBILITIES AND LIABILITIES 

The pipeline design engineer responsible for 
specifying components for his systems has a duty 
to ensure that they are the most appropriate and 
cost-effective. In the context of check valves, as 
with other components, he can only do this if he 
is provided with adequate data. For example, he 
must have all the information necessary to follow 
through the procedures outlined in the previous 
section - which in turn means that: 

(i) Valve manufacturers must accept the 
responsibility for providing authentic performance 
data on their products. Eventually, insurance 
companies may insist upon it. 

(ii) The designers responsible for the overall 
system should ensure that fluid transient studies 
are carried out for the proposed system, 
encompassing all the possible scheduled and 
unscheduled operating scenarios that are likely to 
produce hazardous conditions - and the 'worst 
case' adopted as the design criteria. 

In recognition that many systems are not 
installed as designed or operated as intended it is 
also the responsibility of the engineer in overall 





46 


charge to review the situation at the 

commissioning stage. It is only then that certain 
assumptions such as wave propagation speeds, 
pump performance data, friction losses, etc., used 
in the fluid transient studies, can be confirmed. 


6. Provoost, G.A. "A critical analysis to 

determine the dynamic characteristics of 

non-return valves”. Paper F4, pp. 275-286, 
Procs. 4th Int.Conf. on Pressure Surges , BHRA, 
Bath, Sept.1983. 


CONCLUDING REMARKS 

The last 6-10 years has witnessed notable 
advances in the understanding of check valve 
behaviour. A basis has been established for 

graphically representing valve dynamic response 
from measurements taken under laboratory 
conditions. Non-dimensional representation of the 
important terms maximises the use to which such 
data can be put and provides useful guidelines for 
future valve testing. 

The non-dimensional performance curves also 
enable check valves to be represented by simple 
boundary condition routines in computer programs. 
The key feature is to establish the maximum 
acceptable reverse velocity through the valve and 
use this as the control parameter in the program. 
The mean deceleration of the fluid then provides 
the vital link to selecting the moat appropriate 
check valve commensurate with meeting cost and 
performance criteria. 
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THE CHATTERING OF SAFETY VALVES AND SIMILAR MECHANISMS 


It often happens with safety valves that rapid oscillations (chat- 
tering) occur which are very disturbing. In the following it will be 
shown that the elasticity of the fluid (steam, gas. oil foam) is the cause 
of these oscillations and that the oscillating parts gain energy from 
the fluid. An oscillation, once it has begun, always increases in the 
absence of a minimum amount of damping. The question is mathematic- 
ally examined and this minimum amount of damping indicated. 

AFETY valves and similar mechanisms include a 
^ piston which is acted upon on one side by the 
fluid pressure to be regulated and on the other by a 
spring. When the fluid pressure increases, the piston 
uncovers a larger exit opening and in this way regulates 
the pressure. A mechanism of this type is schematically 
shown in Fig. 1. To examine the question of chattering, 
it is assumed that the piston oscillates about a middle 
position x m , the stroke of the piston being indicated by „v. 
If the fluid is incompressible and the pump discharge con- 
stant then the pressure is always given by the instant- 
aneous position of the piston and is, of course, least for 
the upper position of the piston and greatest for the 



Fig 1 . — Section through a normal spring-loaded safety valve 

V Vt'fumu of the piping between pump and valvo 
p — Pressure of tho fluid 
h = Length of the piston guide-way 


534 . 1 : 621 . 646.4 

lower position (the change in the volume V due to the 
movement of the piston being neglected). The stroke 
of the piston is plotted against time at the top of Fig. 2 
and the pressure p underneath. While the piston is 
moving downwards from B to C, the pressure vanes from 
b c and averages p nt . While the piston is moving up- 
wards from C to D the pressure again averages p m . The 
energy transmitted by the fluid to the piston during 
its upward movement is equal to the energy transferred 
to the fluid by the piston during its downward movement. 
This means that the piston m moving neither gains nor 
loses energy and when damping is present (friction of 
the piston in the guide-way) the oscillation must gradually 
die away. 

Now, however, the alteration of the volume V due to 
the movement of the piston should be taken into consider- 
ation. It is easy to appreciate that this has a damping 
effect. If, for example, more fluid flows in, the valve 



Fig. 2. — * Variation of the pressure as a function of time during 
oscillation of the piston 

Top curve = Stroke of the piston as a function of time 
Second curve ~ Pressure of the fluid under the piston 

P\ - Additional pressure causod by the chango In volumo duo to tho 
movuiiHint of tho piston 

p 2 - Additional pressure duo to the elasticity of the fluid 
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must open still further; this movement of the piston 
provides extra space which can accommodate some of 
the fluid. Consequently the valve need open somewhat 
less than would be necessary without this increase in 
volume. Moreover, the pressure need not increase so 
much. On the other hand, if less fluid flows in, the piston 
forces fluid into the space V and the pressure decreases 
less. These alterations of the pressure can be considered 
as an additional pressure change which adds to the pres- 
sure p. This additional pressure change depends on 
the velocity of the piston. The greater the velocity of 
the piston, the greater is this additional pressure change. 
This is shown as p 1 in Fig. 2. The total pressure then 
becomes p + p l% Since, as has been shown, the piston 
in moving neither gams nor loses energy, only the effect 
of p i need be considered. It is now clear that while 
the piston is moving downwards from B — C, the pressure 
Pi is greater than while the piston is moving upwards from 
C — D. The energy taken from the fluid by the piston as 
it moves upwards is less than the energy transmitted to the 
fluid by the piston as it moves downwards and this 
constitutes a damping effect because energy is 
taken from the piston. This damping effect supple- 
ments the previous damping (friction of the piston in 
the guide-way). With an incompressible fluid therefore any 
oscillation present should quickly die away. 

The process is easy to understand mathematically. 

Let 


The square root can be expanded, giving: 

Q» - 7 r m (I I- ;) \/ P „, ^ | 2 ) -I ■ Fk x,„ f 

If the valve is motionless in the middle position, then 

Qo F m y pm 

and further 

Fk Xm$ + Qo 5 + — 0 . . . . (1) 

Further the equation of movement for the valve body is 

m f'h = r K [p m + a p ) —(kx + Pv) — c~ 


Here m represents the mass of the piston, k the spring 
constant, P v the initial tension of the spring, i.e. the 
force of the spring when X = 0 and c the damping constant. 


m x m c" + c x m + k x m + k x m £ + P v — 
= Pxpm + Fk Pm rr. 


but 

therefore 


k x m + P v = F k p„ 


<-n i <-t , t F K Pm 

rn$ + c c + A: c = — jt 


■ ( 2 ) 


Further, introduce 




P max P min 


pm 


( 3 ) 


Fk — Sectional area of the piston on which the fluid 
pressure acts, in cm 2 . i 

F --- Instantaneous opening which the valve uncovers 
for the exit of the fluid. 

X — Instantaneous position of the valve. 
p ~ Instantaneous fluid pressure. 

Qo “ Constant quantity of fluid in cm :i /s supplied 
by the pump. 

Then 


It can be quite well assumed that, in the middle po- 
sition, the pressure amounts to 

, P max P min . 1 i 

Pm — Ph + -- 2 - P() + 2 p™ bp 

where p 0 represents the pressure for the position x~ 0. 
Then 

F K Pi) = Pv 

and 


x x /rt — b — jc /T , ( 1 

\ 

+ - J i) 

x m J 

— Xm (1 + C) 

F k 

|/?o T 2 P m Fv b k x , 

P = Pm + Ap = p, n ^1 

+ +) 
Pm j 


from which 


=-' Pm (1 + -T) 


i* 

ii 

1 (NO 

i ^ 

F=F m +AF=F m (\ 


= F m ( 1 + 2 ) 

Inserting this 

Xm bp 

into (2), then 


Now the equation of continuity is 

Qo = <p F m (i + D \/ P , n (i + .t) + f k f 

where <f represents the exit flow coefficient. It will be 
seen that some of the fluid entering flows away* and 
some fills the extra space provided by the piston. ^ 


m; -f c 5 + A: ; - = 


2 k 


n 


(4) 


Adding equation (4) to equation (I) it follows after a 
simple calculation that 


m z. 


c + 


2 Fk 


k p„ 


Qo 


r+k 


(’ + D * = ° < 5 > 



This is the equation for a damped oscillation. The 
value k ( 1 + \ *■ ) — ^ 25 k replaces the spring con- 


stant k. The alteration of the volume due to the movement 
of the piston has therefore the same effect as if the spring 
were considerably stiffened and this explains why the 
oscillations are so rapid. The damping factor consists 
of two parts, the first being represented by the friction 
and the second by the additional damping produced 
by the alteration of the volume due to the movement 
of the piston. It is interesting to compare these two 
factors. 


Assume D\ - 
5 ~~ 1 1 um ~ 


4 cm, h = 6 cm, the radial play 
7 1 ooi) cm. The friction force then is 


R — /i F — u ■ ft ■ 4 ■ 6 ■ 1000 

s at 


from which the damping constant c 

c = 75 ft 10 3 

For oil at 50° 

i-s v in ' 7 k g s 


a = 1-5 x 10' 


giving 


kg s 


100 


Further assume Fk — 7*75 cm 2 , p m == 5 kg/cm 2 , 

Q 0 = 3 I/s = 3000 cm 3 /s, from which the second factor 

becomes 

2 Fk p,n _ q 9 kg s 

Q {) ~ cm 


It can be seen, therefore, that the additional damp- 
ing is about 20 times greater than the damping due 
to friction, even though the play chosen is very small 
(1/100 mm). 

However, it is a very different matter when the fluid 
is elastic. For a first estimation the alteration in volume 
due to the movement of the piston is left out of con- 
sideration. While with an incompressible fluid the pres- 
sure p follows the movement of the piston, with an 
elastic fluid the storage capacity must be considered in 
addition. During the time A A' the valve is open more 
than the average x m implies and during the time A' A" 
closed more. During the time A A' more fluid flows out 
than the average stroke implies and during the time 
A' A" less. At A' the pressure is least and at A" 
greatest. To the pressure p an additional pressure p 2 
must be added, which is greatest at A and A* ‘and least 
at A'. 1 Ins additional pressure p> is also shown m big. 2. 


Further, we need only consider the supply of energy due 
to this pressure. While the piston is moving downwards 
from B to C, the average pressure is less than p m and 
while the piston is moving upwards from C to D, it is 
greater than p mt i.e. the energy which the fluid imparts to 
the piston on its upward path is greater than the energy 
transmitted to the fluid by the piston on its downward 
path. This means that energy is imparted to the moving 
piston and an oscillation when once begun must continue 
to increasejjf this is to be avoided, then more energy 
must be dissipated by the two previously mentioned 
damping effects than is produced. 

Again, this process is easy to understand mathemati- 
cally. The continuity equation is 

F K X m f # + Qo I + 71 + Qk = 0 

Here Qk represents the extra quantity which can flow in 
due to the compressibility of the fluid. 

Assume that the fluid at the pressure p m be fluid oil 
foam consisting of 7 V cm 3 of air at pressure p m and of 
(\-p)V cm 3 of oil. In time dt , flQkdt cm 3 of air and 
(1 — ;l) Qkdt cm 3 of oil are introduced. At the disposal 
of the air there thus remains a volume 


V* = pV-{]-p) Qk dt 

In this the following weight must be present 

G* = 7 V y, n -j- 7 Qk y m dt 

Now as weight -- volume X specific weight, it follows 
that 

iiv m V+JQ kVm dt=tfV-( 1 - 7 ) Qk dt] [y m +dy] 

from which 


Qk 


P V; dy 

im dt 


Now the relation between y and p must be considered. 
It is assumed that the air' is compressed isothermically. 


Then 


further 

p v — const. 

and 

7 = Ci P 


dy _ dp 
dt 1 dt 

Hence 

() i ! r dp 

kh . . ,, , 


7 vTt' 



From this equation (8) becomes 


Consequently the equation of continuity is 
t lV.;'+ :r + .v„, -|- Q„ * - o . . (6) 

The equation (4) for the movement of the piston re- 
mains unchanged and from (4) and (6) it follows after 
a simple calculation that 


' + 


C+ - mQo - 

^ 2SV 


- + + ,1V + 2 t 1V 


+ I + - 


kQ o 

2 J V 


2 = 0 


r+ 

• ( 7 ) 


This is the equation of an oscillation. If the oscillation 
is to be damped, the following stabilizing condition must 
be fulfilled: 


I c + 


m Q {) 


2 A V 


L I FfC Pm , c Q (} 

+ fiv + 2 flV_ 


or 


o I 

c- + 


2,lVk m Q„ 2 Fk P „ 
Q« 2,1 V' Q 0 


I i 4 \ k Q„ 
<) p I 2 ,1 V 

„ 4 , / rtFkp ,, , 

'V i> v 
( 8 ) 


This can be more closely investigated by an example. 
Assume V = 3000 cm' 1 , which includes the volume of the 
oil in the valve and also the volume of the oil in the 
oil pipe as far as the pump. Further assume 

k = 20kg/cm, Qo = 3000 cnrVs, wi ----- 2 • 10 4 S 

cm 

F. K =■■ 775 cm 2 , p m = 5 kg/cm 2 , <) p = O' 1 55. 


The value <) p is calculated as follows: At 5 kg/cm 2 pres- 
sure the velocity of the oil flowing out is 33'3 m/s. The 
diameter of the valve is 3‘l cm; assuming an exit flow 
coefficient <p = 0'62, it follows that x m = O' 15 cm and 
since F K p m () p = 2 k x m then <) p = 0* 1 55. 



Fig. 3. — Necessary damping constants as a function of the quantity 
of the air in the oil, to ensure stability 


C 2 T (40;/ + 


1 

10 1 ;/ 



or- 0-102 — 


50 000 ;/ 


(9) 


If the sign = is inserted instead of the sign >■ then 
the minimum value of c as a function of // results. This 
value is shown in Fig. 3. A logarithmic scale has been 
chosen for The following is now apparent: For /? = 1, 
i.e. pure air, c ^ 0'0026. The value c = 0 01, which 
represents the maximum damping effect attainable, with 
a piston as in Fig. I (play — 0 01 mm), is likewise inserted. 
Thus «? must be >0*2, i.e. quite abnormal quantities 
of air must be present in the oil to ensure stability of 
the valve. An oil mixed with air in this way is much 
too elastic and thus cannot be used for regulating pur- 
poses, for instance. The other possibility is that 3 < 0-0002, 
representing extraordinarily small quantities of air which 
would be considerably exceeded in practice. 

To effect the damping of such a mechanism it is 
necessary to provide either a much stronger damping 
effect c or n much stronger additional damping effect, 
so that the point of intersection -/* of c with the //-axis 
moves towards the right. According to equation (8) 
the point of intersection lies at 


4 k = Fj}p„ 
6 P ;/*F 


Fk Pm <) p F K X m 

4k V 2 V 


If ;/* is to increase, then either the volume V (of 
valve + piping) must be reduced or Fk x m increased. 
A reduction of the volume entails smaller pipe sections 
and greater oil velocities, which would have further 
drawbacks. Thus Fk x nt must be increased. To what 
extent this is possible with the valve under consideration 
will now be investigated. 

Assume that the elastic modulus of the oil, which has 
air mixed with it, is E — 300 kg/cm 2 , a value which has 
been determined experimentally. Since then 

*Z ^ 0 0 1 when p m — 5 kg/cm 2 . Instead of // — 0-000194 
it must be equal to 0*01, i.e. about 50 times greater. 
Such an increase is out of the question because, as can 
easily be seen, the spring would have quite impossible 
dimensions. Thus the only remaining solution is to 
ensure a much greater damping effect c. This can be 
effected by employing a special construction with addi- 
tional damping, so that all valves or similar mechanisms 
can be designed to operate without chattering. 


(MS 846) 


J. v. Freudenreich (D. O' S.) 
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THE DYNAMIC BEHAVIOUR OF NON-RETURN VALVES 
G.A. Provoost 

Delft Hydraulics Laboratory, The Netherlands. 


Non- return valves serve to event the reversal of the flow. If, however, the reversal 

of the flow occurs in a very short ti e the valve may close when the flow already has been 
reversed. Depending on the type of non-return valve a sudden decrease of the reversal flow will 
occur, possibly resulting in unallowable pressure variations and slamming of the valve. 

To theoretically predict whether slamming of a valve is to be expected, data under dynamic 
conditions of this valve have to be known. Since in most cases these data are not known the 
behaviour of a non-return valve during transient flow may be predicted by means of dynamic 
tests for several conditions. These tests can be carried out in a circuit which allows a sudden 
reversal of the flow. A description is given of such a test-rig. With a non-return valve installed 
in this test- rig, flow rate and upstream and downstream pressures can be measured during 
decreasing and possibly reversed flow under various conditions. 

The results of tests carried out for two types of non-return valves are shown. The results 
of the measurements are explained and discussed. Tests have shown that especially the fluid 
velocity^ gradient with time is of decisive importance when considering the dynamic behaviour 
of non-return valves. 

NOMENCLATURE 


a 

c 

D 

f 

g 

H 

AH 

I 

Q 

t 


T 

T 


e 



T 

v 


v 

X 

a 

r 


torque coefficient 

velocity of propagation of pressure waves 
pipe diameter 

friction coefficient according to Uni te-Col eb rook 

acceleration due to gravity 

pressure head 

pressure head loss 

mass moment of inertia 

flow rate 

time-coordinate 

total torque exerted on valve body 

torque exerted on valve body due to external forces 

torque exerted on valve body due to friction 

torque exerted on valve body due to hydrodynamic pressures 

torque exerted on valve body due to weight of valve body 

fluid velocity 

coordinate along axis of pipeline 
angle of rotation of valve body 
pressure head loss coefficient 



1 INTRODUCTION 


A non-return valve is a valve which serves to prevent reverse flow. Non-return valves 
are often used in combination with pumps. When these pumps are switched off the 
flow through these pumps, and consequently the flow through the non-return valves, 
will decelerate to zero. If the non-return valves are not closed at the instant of 
zero flow, the flow will reverse and the non-return valve will close during reverse 
flow, possibly resulting in unexpected high pressure variations and slamming of the 
valve. •• . ■ - . • . ■ • ' . • -V , • 7 . . - 

It is important to know the dynamic behaviour of non-return valves so that in the 
design-stage of a hydraulic project it is possible to predict whether the chosen 
type of non-return valve will satisfy. For the purpose a theoretical description of 
the behaviour of non-return valves during transient flow was set up. Since up to now 
insufficient data are available only dynamic tests under several conditions may 
lead to acceptable predictions. The aim of this study was to find the determinants 
on which the dynamic behaviour of non-return valves depends. 


2 THEORY ~ - . !. .c 

A non-return valve consists of a valve body, whose position is influenced by the 
flow (closed, partly open or open position). Generally the valve body will be in 
the closed position if a pressure drop exists in the direction in which the flow 
has to be prevented. In this situation no reverse flow occurs. If, however, the 
direction of the flow is changing from the permitted one into reverse direction in 

a very short time, it is possible that the valve body is still in a partly open po- 

sition while reverse flow occurs. Due to the reverse flow the valve body will move 
fast into the closed position, thus causing a sudden zero flow condition. Two 
phenomena can be observed at the instant of closure of the non-return valves viz. 

(1) a sudden stop of the movement of the valve body 

(2) a sudden stop of the reversed flow through the non-return valve. 

The first phenomenon can be noted by a more or less heavy sound depending on the 
velocity of the valve body at the instant of closure. This phenomenon is often re- 
ferred to as the slamming of the valve. 

The second phenomenon causes a pressure rise at the initial downstream side of the 
valve. At the same time a pressure drop occurs at the initial upstream side of the 
valve. This pressure drop may be so large that the vapour pressure of the fluid is 
reached. In that case a vapour bubble will grow at the initial upstream side of the 
valve. The disappearance of such a vapour bubble causes a sudden pressure rise which 
may lead to a re-opening of the valve. The second closure of the valve may again 
cause reaching of the vapour pressure thus leading to a repeating phenomenon. 

To avoid slamming of the valve it may be required that the valve-body reaches its 
closed position at the instant the flow becomes zero. Whether this occurs may 
be predicted by comparing the calculated time interval in which the flow in the 
relevant pipe system decreases to zero and some minimum possible closing time of 
the valve. Such a method was proposed by Lewinsky-Kess li tz (Ref. 1) who has also 
given theoretical minimum possible closing times for rectangular swing type non- 
return valves. However, the use of this method will not always result in accept- 
able predictions since the motion of the water during the closing procedure is 
■^e-gTerrterh — : - ~ " ~ 

Only a more detailed analysis of the motion of the valve body will lead to a good 
prediction whether slamming will occur or not. Hereto all forces acting on the valve 
body have to be taken into account. The following consideration is made for valves 
with rotating valve bodies but will be equivalent for valves with translating valve 
bodies. The motion of the valve body will depend on the flow rate through the valve 
and the upstream and dowmstream pressures. The relationship between these variables 
is given in the equations given below: 



The motion of a rotating valve body is described by Newton's Second Law of Motion: 


T - 



(U 


where: T = torque of the valve body, 

I = mass moment of inertia of rotating parts and a part of the sur- 
rounding water, and 

a = angle of rotation of the valve body. 

The effect of inertia of the fluid surrounding the valve body will be appreciable 
especially for fast motion of the valve body, and has to be added to the mass 
moment of inertia of the moving parts of the valve. As a simplification it has 
been assumed in equation (1) that added mass is independent of the motion of the 
valve body and flow around the valve body. 

The torque exerted on the valve body is due o the weight of the valve bodv (I ) 
external forces (T^) , friction (T f ) and hyd dynamic pressures (T 1 : w 


T = T + T + T r + T. 

e f h 


The torque caused by the weight of the valve body (gravity) depends on the di- 
mensions and geometry of the valve. The torque due to external forces mav be 
caused by a ballast weight or a spring and depends also on the geometry of the 
valve. The torque caused by hydrodynamic pressures does not depend on the geometry 
of the valve but rather on the f low around the valve body. Since the motion of 
the valve body disturbs the steady state flow around the valve body the flow 
pattern around the valve body will depend on the flow passing the valve, on t : . : 
position of the valve body, and on the angular speed of the valve body: 


f(Q, a. 



(3 


The pressure loss created by the valve also depends on the flow pattern area 
the valve body. Written in terms of pressure head we obtain: 

AH = g (Q , a, 4f). 


The equations describing unsteady one-dimensional pipe flow in both adjacent 
pipes are obtained from the consideration of the mass conservation of a contn. - 
volume ror a pipe segment (5) and from the momentum equation along the axis cm" 
the flow (&) as given by Bergeron (Ref. 2): 


3H + + cjj ov 

3t 3x g ex 


0 . 


( 5 ) 


dv 

a t 


+ 




2D 


V ! V : 


( 6 


These equations hold as long as the actual pressures are higher than the vac ::' 
pressure of the liquid. If, however, the actual pressure equals the vanour nr-. - 
sure further expansion of the liquid only leads to the appearance and inereas.- 
°t vapour bubbles, a phenomenon known as cavitation of the liquid. The equation:; 
describing this kind of two-phase flow are described elsewhere (Ref. 3). 

With equations (1) to (6) and the boundary conditions of the adjacent pipe 
ends (such as a pump or an air vessel) the motion of the valve bodv can be nr- 
dieted. 


However, up to know the relationships (3) and (4) are not known. Only by mean - 
of dynamic tests the relationships for a certain type of valve can be determined. 
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This i.s c k u reason why the behaviour of a non-return valve under dynamic conditions 
cannot be predicted accurately. 

Only for slow motion of the valve body a prediction of the behaviour of the valve 
can be made. If the influence of the motion of the valve body on the flow pattern 
around the valve body may be neglected both the torque exerted on the valve body 
caused by hydrodynamic pressures and the pressure loss created by the valve will 
depend only on the flow passing the valve and the position of the valve body. 

With the assumption that the flow pattern is independent of the flow rate (no 
Reynolds effects) the torque and pressure head loss will be proportional to the 
flow rate squared: 

T = a (a) Q | Q j - (7) 

n 

AH = £(ct) Q I Q j . (3) 

The coef f i cien t s a and £ which depend on the position of the valve bedv have 
different values for the two possible directions of the flow. These coefficients 
can be determined experimentally by means of steady state flow tests or theore- 
tically estimated with the assumption of potential flow. 


3 DESCRIPTION OF THE TEST-RIG FOR NON-RETURN VALVES 


To determine the dynamic behaviour of a certain type of non-return valve the flow 
through this valve has to be reversed in a very short time. For this purpose a 
special test- rig for non-return valves was set up in which the initial flow can be 
reversed in a controlled time interval (see Fig. 1). This test-rig consists of a 
by-pass on the test-rig for valves of the hydraulic machinery laboratory which 
forms part of the facilities of the Delft Hydraulics Laboratory. This test-rig 
tor valves is a closed loop circuit equiped with pumps and a pressure control tank 
and has been described in detail by Oldenziel and Teijema (Ref. 4). The pressure 
level in the pipe system is adjusted by the pressure control tank in the test-rig 
tor valves. During the tests a certain flow rate is pumped through the test-rig for 
valves. The flow rate through the non-return valve to be tested in the initially 
steady state condition can be adjusted by the control valve in the test-rig for 
valves. The initial upstream side of the test-section of the test-rig for non-return 
valves is provided with two combined fast acting valves. With this kind of three- 
way valve the initial upstream side of the test-section can be disconnected from 
the test-rig for valves and connected with a small air vessel. The pressure in this 
vessel can be set at a predetermined low value. 

With the aid of the combined fast acting valves the pressure at the initial upstream 
side of the test-section can be lowered In a controlled time to the predetermined 
value present in the small air vessel. This causes a sudden pressure difference 
over the test-section leading to a fast, almost linearly decreasing floe- and possi- 
bly to a reversal of the flow until the non-return valve closes. 

The time-dependent flow 7 rate in the test-rig is measured with a fast acting flow- 
meter. This flow-meter is situated at the initial upstream side of the valve to be 
tested. The pressures at both sides of the valve are measured with niezo-electric 
transducers. Both flow rate and pressures are recorded on a UV- recorder . 


4 EXPERIMENTS 


Experiments were carried out for two types of valves having a diameter of 100 mm 


c ach : 



(a) a moving ball type non-return valve (see Fig. 2). In this case the valve body 
consists of a ball which is pushed from its seat by the flow into a slot under 
normal f 1 ow condition. 

(b) a swing type non-return valve (see Fig. 3). In this case the valve body con- 
sists of a rotating steel plate. At the axis an arm provided with a ballast- 
weight was installed. 

The experiments were carried out for steady state velocities of 1 m/s, 2 m/s and 
3 m/s. For each velocity tests were carried out with different pressures in the small 
air vessel resulting in different gradients for the decrease of velocity in the test 
section. Moreover for the swing type non-return valve a test was carried out for a 
smaller distance between ballast-weight and centre of rotation. This test is referred 
to as experiment No. 7. Time histories of velocity, initially upstream and downstream 
pressures were recorded for each test. For the swing type non-return valve also the 
position of the valve body was recorded. 

A summary of the experiments shown in this paper is given in tab lb i . 


Experiment No. 

Type of non-return 
valve 

Initial steady state 
velocity 

Created pressure drop 
at initial upstream 
side 

1 


1 m/s 

15 kPa 

2 

l moving ball 

3 m/s 

30 kPa 

3 

( type 

3 m/s 

40 kPa 

4 

1 

3 m/ s 

50 kPa 

3 

) 

1 m/s 

60 kPa 

6 

1 swing 

2 m/s 

70 kPa 

7 

( type 

2 m/s 

70 kPa 

8 

/ 

3 m/ s 

7 5 kPa 


Table 1: Summary of experiments. 


5 RESULTS 


In Figs. 4 to 1 1 the results of the experiments are shown. These results show that, 
in eacn experiment, reversal of the flow occurs and that the valve closes in rover- 
flow. In taole 2 a summary is made of the time interval needed for reversal of the 
flow, the measured fluid velocity gradients and velocities of the reversed flow at 
the instant of closure. The positive direction of the flow is taken in the allowed 
direction of the flow through the non-return valve. 


Experiment No. 

Time interval for 
reversal of flow 

Fluid velocity 
gradient 

Fluid velocity 
at closure 

1 

0,28 s 

- 3,6 m/s~ 

“1,0 m/s 

2 

1,15 s 

- 2,6 m/s~ 

- 0,7 m/ s 

3 

0,88s 

- 3,4 m/s 9 

-1,0 m/ s 

4 

0,56 s 

- 5,4 m/s“ 

- 1,6 m/s 

5 

0,20 s 

- 5,0 m/s ^ 

- 1 ,0 5 m/s 

6 

0,30 s 

- 6,7 m/s“ 

- 1,45 m/s 

7 

0,30 s 

- 6,7 m/ s ^ 

- 2,0 m/s 

8 

0,40 s 

- 7,5 m/s“ 

- 1,9 m/s 


Table 2: Summary of measured fluid velocities. 


Tae experiments show that, with the described test-rig, the initial flow can be 
reversed in a controlled time interval with a nearly constant gradient with time. 





In all experiments the valve closed in reversed flow. At the instant of closure a 
pressure rise occurred at the initial downstream side of the valve and a pressure 
drop occurred at the initial upstream side of the valve. 

From experiments Nos. 2, 3 and 4 (see Figs. 5 to 7) it follows that, for a given 
steady state flow rate, a larger fluid velocity gradient - which gives a shorter time 
interval needed for reversal of the flow - leads to larger negative velocities at 
the instant the valve body (the ball) reaches its seat. And thus with a larger 
fluid velocity gradients larger pressure fluctuations occur. In experiments Nos. 

2 and 3 (see Figs. 5 and 6) vapour pressure is not reached at the initial upstream 
side of the valve. However, in experiment No. 4 (see Fig. 7) vapour pressure is 
reached at the initial upstream side of the valve leading to the formation of a con- 
centrated cavity (column-separation) . The disappearance of this cavity causes a 
sudden pressure rise leading to re-opening of the valve and to a repetitive slamming 
of the valve. Also in experiments Nos. 2 and 3 the valve re-opens after the first 
closure but no repetitive slamming occurred. The phenomena after closure of the 
valve in experiments Nos. 1 and 3 (see Figs. 4 and 6) are comparable with 
each other although the initial fluid velocities were different. The fluid velocity 
gradients, however, were of the same order. This implies that the fluid velocity 
gradient dominates the dynamic phenomena during valve closure and that the time in- 
terval needed for reversal of the flow is of minor importance. 

In all experiments for the swing type non-return valve (see Figs. 8 to 11) the 
valve body began to move round about the instant of reversal of the flow. This 
means that friction plays an important role. The valve is in more open position 
for larger flow rates. In experiment No. 8 (fluid velocity 3 m/s) the valve was in 
complete open position. A comparison of experiments Nos. 6 and 7 shows that the 
position of the ballast-weight influences the valve-opening. This means that the 
position of the valve body during steady state flow depends on the steady state flow 
rate and the position of the ballast-weight. As the valve body began to move round 
about the instant of reversal of flow the dynamic phenomena will only depend on the 
fluid velocity gradient and the position of the valve body during steady state flow. 
This implies that experiments for steady state fluid velocities larger than 3 m/ s 
will give the same results as an experiment for 3 m/s and the same fluid velocity 
gradient, since for 3 m/s the valve is already in a fully open position. This is 
the reason why for large steady state fluid velocities and consequently for large 
steady state flow rates, the fluid velocity gradient is of decisive importance. For 
velocities smaller than 3 m/s both fluid velocity gradient and position of the valve 
body during steady state flow are important. A comparison of experiments Nos. 

6 and 7 (see Figs. 9 and 10) shows the influence of the position of the valve body 
during steady state flow. In both experiments the steady state velocities were 2 m/ s 
and the fluid velocity gradients were - 6,7 m/s. Due to a smaller distance between 
ballast weight and centre of rotation the valve in experiment No. 7 was in more open 
position than in experiment No. 6. This implies that in experiment No. 7 the dis- 
tance the valve body had to travel to closed position was larger than in experiment 
No. 6. As a result, in experiment No. 7 the time interval between reversal of 
flow and closure of the valve was larger than in case 6 which is the reason why the 
absolute value of the fluid velocity at the instant of closure in experiment No. 7 
was larger than in experiment No. 6 (velocities were respectively - 2,0 m/s and 
- 1,45 m/s). For a given geometry of a valve the position of the valve body during 
steady state flow is only influenced by the steady state flow rate. This is the 
reason why besides the fluid velocity gradient the steady state flow rate is impor- 
tant when choosing several conditions for dynamic tests of non-return valves. 


6 CONCLUSIONS 


When theoretically predicting the behaviour of a certain non-return valve, data of 
this valve under dynamic conditions must be available. Since in most cases these 
data are not known the behaviour of the non-return valve during transient flow may 
be predicted by means of dynamic tests for several conditions. Wien choosing these 
conditions both steady state flow rate and fluid velocity gradient with time have 
to be considered. Especially for large flow rates the fluid velocity gradient is of 



decisive importance. The time interval needed for reversal of flow seems to be of 
minor importance. The dynamic tests can be performed with the test-rig for valves 
as described in this paper. 
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Experiments carried out for two types of non-return valves show that in many practi- 
cal situations these non-return valves will close in reverse flow. At the instant of 
closure pressure variations will be initiated. At the initial downstream side of the 
valve a' pressure rise will occur and at the initial upstream side a pressure drop 

will occur. Repetitive slamming may occur- if vapour pressure is reached at the 

initial upstream side of the valve. 
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Figure 1 Schematic diagram of test-rig for non-return valves 






Figure 2 A moving ball type 

1 T7Q 


non-return 


Figure 3 A swing type non-return valve 








Pi = pressure variation at initially downstream side of valve 
P 2 = pressure variation at initially upstream side of valve 
v = velocity of fluid in initially upstream pipe 
a = rotation of valvebody to closed position 

Figure 8 Recording of experiment No. 5 
(swing type non-return valve) 



Pi - pressure variation at initially downstream side of valve 
P2 = pressure variation at initially upstream side of valve 
v = velocity of fluid in initially upstream pipe 
a - rotation of valvebody to closed position 

Figure 9 Recording of experiment No. 6 
(swing type non-return valve) 



0.1 


Pi = pressure variation at initially downstream side of valve 
P 2 = pressure variation at initially upstream side of valve 
v = velocity of fluid in initially upstream pipe 
a = rotation of valvebody to closed position 

Figure 10 Recording of experiment No. 7 
(swing type non-return valve) 



Pi = pressure variation at initially downstream side of valve K- 

P 2 - pressure variation at initially upstream side of valve ^.1 

v = velocity of fluid in initially upstream pipe 
a =■ rotation of valvebody to closed position 

Figure 11 Recording of experiment No. 8 
(swing type non- re turn valve) 
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A badly selected check-valve can be a dangerous addition to a pipeline. Under 
very rapid flow reversal conditions the pressure rise following ultimate closure of 
the valve can be disastrous. This paper culls information from various published 
and unpublished sources and attempts to deduce the important features of good valve 
design. Criteria for aiding the selection of low loss non-slam valves are suggested. 

1. INTRODUCTION 


An essential component of most pipeline systems is the non-return valve - 
also known as the check valve or reflux valve. Its usual functions are to limit 
backward flow through, and reverse rotation of, umps and their driving motors 
and to prevent the emptying of reservoirs. 

In principle their construction is simple, comprising a moving element, or 
elements, which is/are controlled primarily by the fluid. Historically, the most 
common device is the simple swing check valve. 

In valves such as these the mean velocity of the fluid is backward at the 
instant when the valve shuts. The large pressure rises associated with the reduction 
of this reverse velocity accelerate the closure, to give yet higher pressures which 
ultimately slam the moving element onto its seat. 

This phenomenon of 1 check valve slam T has assumed increasing importance in 
recent years leading to various test programmes, modifications to existing valves 
and the development of new styles of valve (1). At the present time there exists 
some degree of confusion over the most appropriate remedies for the problem of 
valve slam and the criteria that should be applied when selecting the most suitable 
check valve for a particular application. 

Being an unsteady turbulent flow problem developments have followed the two 
traditional paths of fluid mechanics; on the one hand there have been the quasi- 
theoretical approaches requiring ultimately some experimental coefficients, whilst 
on the other there has been the almost entirely intuitive and empirical trial-and- 
error evolution of the ’non-slam* valves. 


2. THEORETICAL STUDIES 


When a check valve slams shut in response to a reverse flow the sudden 
pressure rise Ap generated may be predicted from Joukowsky’s well known equation 

Ap = pcAV (1) 

where c is the speed of propagation of pressure waves through the fluid of density p 
and AV is the magnitude of the velocity change. As the closure is normally ’rapid* 
in terms of the pipeline period AV has the same magnitude as the maximum reverse 
velocity attained by the fluid during valve closure. 

To evaluate equation (1) or to include the check valve as a boundary 
condition (other than a simple open/shut device) in a numerical solution by computer 
it is necessary to consider the dynamic response of the valve and obtain a suitable 
relationship for dv/dt which can be integrated over successive time intervals. 

In two early complementary studies of 50 mm (2 inch) swing check valves 
Worster developed a linearized theory for providing quick estimates of valve door 
response. Linearising the equation of motion into a form that is easily integrated 
leads to analytical expressions for the variation of valve angle with time and the 
time lag between the reversal of water flow and the closing of the valve. Comparisons 
with experimental data suggested that the inertia of the valve door had very little 
effect, but that pin friction and the displacement volume swept out by the valve 
were much more important. Further tests on larger valves were recommended. 
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More recent studies (4, 5) also for swing check valves considered component 
torques separately in the equation of motion, viz. 

T G + T e - T f - T B ' T p = (I D + V 0 (2) 


These components are due to gravity (T ) , externally applied torques (T ), 
friction (T f ), buoyancy (T^) and hydrodynamic pressure forces (T ). The inertia 6 
comprises a component (1^ due to the valve door itself plus an additional component 
(h,) representing an added mass effect. 0 is the angular acceleration of the valve 
door. 


The gravitational, buoyancy and externally applied torques are easily 
determined from valve dimensions and material properties. It was speculated (5) 

that the friction torque would be of the form 

) 


=K 1+ K 2 6 


(3) 


in which and K arc constants and n an arbitrary but constant power. However 
experimental results suggested that an additional term (-K~ 0 m ) be included 
representing the rate of change of acceleration. 3 

The hydrodynamic torque Tp will depend on the flow pattern around the valve, 
its position and the flowrate Q i.e. 

T p = f(Q, e , 0) (4) 

The precise form of the relationship cannot be found analytically - a 
probable form might be supposed and empirical coefficients determined for particular 
examples . 

Of the two components of the inertia, 1^, the inertia of the disc may be 
readily calculated knowing valve dimensions. The added mass effect is speculative, 
but from experiments in air and in water to determine the periodic time of small 
oscillations of a 150 mm valve door it appears (5) that the added mass effect could 
be estimated as being equivalent to a sphere of water having a diameter the same as 
the valve door and with their geometric centres coincident. 

Plug type check valves for use in power stations have been studied 
theoretically by Kubie (6) who considered an equation of motion, similar to equation 
(2), for the linear movement of the valve plug. The valve was assumed to behave 
as a variable area orifice; frictional and added mass effects were assumed negligible, 
but an allowance for entrapped air was included. Numerical studies of a typical 
power application yielded plausible results but experimental studies are required 
for comparison. 

With more general applications in mind Provoost (4, 7) and Collier and 
Hoerner (8) have focussed their attention on (dv/dt) , the rate of change of 
velocity of the fluid adjacent to the valve. Recognising that check valves interact 
with the system of which they are a part they speculate on a suitable characteristic 
that could be used to aid check valve selection. Assuming that, at least for simple 
pipe systems, one can apply rigid column theory as a first approximation the equation 
of motion for the liquid column, neglecting friction, has the form: 


AH _ _l dV 

L 8 ’ dt 


(5) 


Inserting the best available value of the head difference AH (static head 
for example) across the pipeline of length L yields a mean value for the deceleration 
of the liquid column. Using this result in conjunction with charts based on 
experimental studies a valve having a suitable response characteristic can be 
selected. 


These and other experimental studies are discussed in the next section. 
However it is clear in all the theoretical studies encountered that very little 
Progress has been made without resort at some stage to empirical or assumed 
information. 



3. EXPERIMENTAL STUDIES 


Since check valves interact with the system of which they are a part, care 
must be exercised in interpretating experimental data for transient response. In 
the first instance it is optimistic to expect more than comparative results for 
various valves tested in a particular system. 

Collier and Hoerner (8) report an experimental study of the split disk type 
of butterfly valve and a swing check valve, both 150 mm (6 inch) nominal diameter. 

The split disk valves were spring assisted and two different spring strengths were 
used. Results are plotted as water hammer pressure versus liquid column deceleration 
the latter being rendered dimensionless by dividing through by the acceleration 
due to gravity. Tests were conducted in both horizontal and vertical pipelines. 

The results demonstrated that the pressure rises assoc tied with the closure 
of the split disk valve were less than those with the conventio* L swing check valve 
in the line. Furthermore, the strength of the return springs in the split disk valve 
was very significant - stronger springs gave rise to a much lower slam pressure. 
Mounting both valves vertically and without springs in the split disk valve gave 
results having a similar pattern. 

Following a similar philosophy, Provoost (4, 7) independently reports tests 
on moving ball and swing check valves, expressing the data as maximum reversed flow 
velocity V„ versus liquid column deceleration - essentially the same as Collier and 
Hoerner (8) since Ap a V„. Typical flow characteristic - time records are shown 
(from (1) and (4)) in Figures 1 and 2. 

Collecting from several sources (1) data that to some degree lend themselves 
to comparison and displaying in a Provoost-style dynamic characteristic forms the 
basis of Figure 3. Clearly there are significant differences between the four types 
of valve represented - in terms of size, style and spring strength. The latter is 
important but it is not the only design parameter that can be varied as will be 
discussed later. For the moment this diagram, Fig. 3 provides one of several 
comparisons that can be made. It should be noted that the valves are typical off-the 
shelf specimens, no particular care being taken to match their performance 
characteristics to the test system. 

Earlier experimental studies (1, 9) of the swing check valve yielded the 
so-called 1 recoil ’ or ’non-slam* valve. The principal design changes introduced 
to achieve this were 

(a) to angle the valve seat so that it was inclined in the normal direction of 
the flow, 

(b) a restriction on the valve opening, to as little as 25° maximum in some cases, 
and 

(c) an increase in the closing moment. 

The argument for the first two changes is that by reducing the distance 
through which the valve door must move closure will occur more quickly, especially 
if assisted, as under (c) . Some manufacturers have increased the mass of the door 
and/or added external levers and weights, whereas others have introduced springs. 
Spring assistance has the advantage that it does not affect the inertia of the 
moving door, and in some cases incorrect mounting of additional weights has been 
counter-productive. Nevertheless, the intelligent use of these modifications can 
be beneficial, especially in pipelines which are not subjected to very rapid 
decelerations of the liquid column. 

A set of pressure-time histories (Figs. 4-6) for a series of tests 
comparing swing check, split disk and a plate check valves having a nominal diameter 
of 250 mm are reported (10). The tests were conducted on a simple test rig designed 
to simulate a pump trip. No data on the velocity - time history of the fluid is 



available and inclusion on Fig. 3 is not possible. The three valve types yielded 
successively better performances, the swing check being the worst and the plate 
valve being the best. The closure of both the split disk and plate valves was 
spring assisted. This requires further discussion as with the question of valve 
movement . 


Perhaps the most arduous conditions that a check valve must withstand are 
when one of two or more pumps running in parallel is tripped out. As a result of 
major operating difficulties some plane operators have found it desirable to undertake 
comparative tests. 

Due to serious pressure surge problems associated with conventional swing 
check valves fitted in a cooling water system (11) comprising four pumps in parallel 
(see Fig. 7) one swing check valve was replaced with a nozzle valve. 

The pumps are rated at 50 m head when delivering 833 l ! s at a speed of 
980 rev/min and having a power requirement of 470 kW. The swing check valves were 
of 600 mm nominal diameter but the replacement nozzle valves were of 500 mm diameter. 

Figure 8 is one of several comparisons (11) from a series of pump trips. 

In this particular example three pumps were running initially and the one for which 
the p“t traces apply was tripped. The comparisons have to be regarded to some extent 
as approximate because there was a six month gap between the swing check and nozzle 
valve tests. Additionally, the pump rotor was turned down from 650 mm to 620 mm 
diameter. However, the initial steady discharge pressures are of the same order so 
by implication the flows would be too. 

Despite those qualifications on the data the nozzle valves show a considerably 
better performance under transient conditions and all the swing check valves were 
replaced. 

Another independent study (12) concerned with a power plant condensate 
extraction system provided comparisons between a counter-weighted swing check valve 
and a nozzle valve during various unsteady operating conditions. Figures 9 and 10 
are one of several sets of comparisons - in this case dealing with a manual pump 
changeover. The sequence in both cases is: 

Pump T B’ running - Start Pump A - Trip out Pump B. 

The pressure-time recordings (retraced for clarity) are not quite aligned 
vertically, but the upper trace in both sets covers the start-up of Pump A and the 
lower one records the trip-out of Pump B. The performance of the nozzle valves 
was found to be considerably better than the counter-weighted swing check valves. 

When the latter had been replaced it was recommended that the previously imposed 
operating restrictions be removed. 


4. INTERPRETATION OF RESULTS 


Despite the results presented above and in Reference 1 having various 
origins there are sufficient comparisons of different valves in similar pipe systems 
to enable some deductions to be made. 

The most severe operating conditions are those involving the tripping out 
of one pump from two or more running in parallel, especially in high head systems. 
Although for some applications such as single pump low head rising mains the 
conventional swing check valve may be adequate it is not so suitable for arduous 
duty, even with modifications. Response - time histories (4) illustrate how the 
flow can have reversed before the valve door even begins to move. 

More rapid responses to changing flow conditions are obtained if the 
moving parts of the valve are of low inertia and are assisted by a spring or springs. 
Closure times will be shorter and reverse velocities minimised if the distance/angle 
through which the moving elements have to travel are small. 



Reducing the valve opening may tend to increase the frictional head loss. 
Figure 11 is a comparative plot of the non-dimensionless loss coefficient 
K (= 2gAH/v 2 ) versus the flow Reynolds number for various valve types. The Reynolds 
number Re is based on the mean velocity V of a fluid of kinematic viscosity V flowing 
in a pipe having a diameter D equivalent to the nominal diameter of the valve. These 
particular curves are for valves having a nominal diameter of 250 mm and are based 

(1) on reliable experimental data. Adding springs or levers and weights will tend 
to cause the left hand ends of the curves to rise - quite steeply in most cases - 
as shown for a typical weighted check valve which in this case is not fully open 
until a Reynolds Number of 8 x 10“* . 

The spring assisted valves can be most easily T tuned 1 to the system of which 
they are a part. The spring strengths should be so specified that the valves are 
fully open by, say, 70% of their normal flowrate. 

Plate and nozzle valves both have short travel distances for the moving 
elements but the streamlined shape of the latter gives a superior pressure recovery 
Whilst the valve loss may be small compared to the overall losses in the system one 
should, in an energy conscious world, strive to make savings however small. 

With regard to the mathematical modelling the great range of valve types 
and the variability of component specifications means that the development of an 
accurate and general model is unlikely. However, a quasi-theoretical approach, 
possible similar to the Provoost-Collier-Hoerner scheme will provide a useful basis 
for the comparison of generic types. 

5. CONCLUSIONS 


For arduous conditions of service such as those associated with high head 
multi-pump duty it is suggested that in the interests of avoiding check valve slam 
the following criteria should be applied when selecting a suitable non-return valve: 

(1) low inertia of the moving parts 

(2) short travel distance/angle 

(3) air- or coil-spring assistance of closure, commencing at, say, 70% of 
the rated flow. 

Further controlled tests are required to compare different valve types having 
previously tuned each one to give its optimum performance in the selected test 
facility. 
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Pi = pressure variation at initially downstream side of valve h — H *- time 

P2 = pressure variation at initially upstream side of valve 
v = velocity of fluid m initially upstream pipe 
- rotation of valvebody to closed ocsition 

Fig. 1 Velocity, pressure and position-time curves for a swing 
check valve - mean liquid deceleration = 6.7 m/s^ 

(from Ref . 4) . 
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Fig. 4 Pressure-time histories upstream and downstream of 
swing check valve following a simulated pump trip. 



Fig. 5 As Fig. 4 but for a dual plate butterfly check valve 



F i a . 6 As Fie. 4 but for a date check valve. 















Fig. 9 Pressure-time records for a manual changeover from Pump A 
(upper trace) to Pump B (lower trace) - both pumps fitted 
with counter-weighted swing check valves. 




Fig. 10 Pressure-time records for a manual changeover from Pump A 
(upper trace) to Pump B (lower trace) - both pumps fitted 
with nozzle style check valves. 
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A CRITICAL ANALYSIS TO DETERMINE DYNAMIC CHARACTERISTICS OF NON-RETURN VALVES 
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Summary 


Non-return valves serve to prevent the reversal of flow. In a quickly decelera- 
ting flow they may close during reversed flow. For undampened valves a sudden 
decrease of the reversed flow to zero will occur at closure, possibly resulting in 
unallowable pressures and slamming of the valve. 

The dynamic property of undampened non-return valves can be presented in the 
form of a dynamic characteristic. This characteristic contains the relationship 
between the reversed liquid velocity at closure and the deceleration of the liquid 
passing the valve. 

The measured dynamic characteristic is shown for several types of valves. Also 
an analytical approach to determine the dynamic characteristic is dealt with. Such an 
approach gives insight into the relevant parameters and may be helpful to determine 
the relevant range of decelerations to be measured. 

NOMENCLATURE 


A 

a 

D 

F 


L 

Ap 

Q 

V D 

V 


= area of moving part of valve (m ) 

= wave speed (m/s) 

= diameter of valve body (m) 

= force due to external loads (N) 

= force due to friction (n) 

= force due to hydrodynamic pressures (N) 

= force due to inertia (N) 

- force due to weight of moving part (N) 

= hydrodynamic force coefficient (-) 

= length of connecting pipe (m) 

2 

= pressure difference (N/m ) 

3 

= flow rate passing the valve (m /s) 

3 

- volume -displaced by moving part (m ) 

= liquid velocity (m/s) 

= reversed liquid velocity (m/s) 

= displacement of moving part (m) 

= time (s) 


t 
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INTRODUCTION 


1 . 


Non-return valves serve to prevent reversal of flow. If, however, reversal of 
flow occurs quickly, most valves will close after the flow has already been reversed. 
From former tests (Ref. 1) it was deduced that the motion of decelerating flow is 
hardly affected by an undampened non-return valve until the valve closes, see Fig. 2. 

Dampened non-return valves will generally have a considerable effect on reversed 
flow, see also Fig. 1. A well adjusted damper will improve the phenomena after valve 
closure. A badly adjusted damper however may lead to worse dynamic phenomena. These 
types of non-return valves will not be considered here. 

This paper only deals with undampened non-return valves. These valves have a 
free moving part such as a disc the motion of which is only influenced by the motion 
of the liquid, weight or spring. In decelerating flow the moving part will move to 
the closed position. When the moving part of the valve hits its seat an almost 
instantaneous decrease of the reversed flow to zero will occur, hence resulting in a 
sudden pressure rise at the initial downstream side of the valve and a sudden drop at 
the initial upstream side. 


2 . THEORY 

The following analysis concerns valves with a translating moving part. This 
consideration, however, is also applicable to valves with rotating parts. The motion 
of the moving part is described by Newton T s Second Law" of Motion: 


F + f + F + F + F = 0 (1 ) 

I w e f h 

The terms in this equation represent respectively the forces exerted on the moving 
part due to inertia, weight, external forces, friction and hydrodynamic pressures. The 
inertia term is m x‘* where m is the mass of the moving part and surrounding fluid and 
x is the position of the moving part. The force due to hydrodynamic pressures depends 
on the velocity profile inside the valve, and position and motion of the moving part: 

F h = f (Q,x,x* ,x‘ ‘ ) (2) 

For reasons of simplicity the effect of motion of the moving part of the valve is 
considered by assuming the flow rate passing the moving part to be equal to the flow 
rate in the connection pipes from which the flow rate induced by the displacement of 
the moving part is substracted. 

This kind of analysis was also followed by other investigators (Refs. 2, 3, 4 
and 5). The force due to hydrodynamic pressures is then assumed to be proportional 

to the flow" rate passing the moving part squared: 

1 

e^F 2 

F = y (Q - A x‘) (3) 

D 

In this equation the hydrodynamic coefficient k R is a dimensionless coefficient, which 
is assumed to be solely dependent on the position of the moving part. The dependence 
between k R and the relative motion of the moving part (Ax’/Q) mentioned in Ref. 6 is 
neglected. An experimental determination of this coefficient is preferable (Ref. 3) 
but is not always possible. 

The motion of the moving part can be determined for a given time history of the 
flow passing the valve with the equations (1) and (3) completed with specific rela- 
tionships for the forces due to weight, external loads and friction. From this result 
the reversed flow rate and reversed liquid velocity v R max at instant of closure is 

obtained. Once the valve is closed a sudden decrease ' of the reversed flow to 
zero will occur, resulting in pressure variations at both sides of the valve. The 
maximum possible value of these pressure variations is given by: 


Ap 


max 


P 


a v R 


max 


(4) 


At the initial downstream side a pressure rise of this amplitude may occur and at the 
initial upstream side a pressure drop of the same value may occur. The time interval 



in which the pressure variation is built up is equal to the time interval in which the 
flow decreases to zero and depends on the elasticity of the connecting pipes, the 
moving part of the valve and its seat. Whether the maximum possible pressure variation 
is obtained depends on this time interval and the length of the pipes connecting the 
valve with reflecting boundaries (i.e. reservoir, air vessel). The maximum pressure 
variation is reached as long as the time interval is shorter than the wave travel time 
2L/a where L is the length of the connecting pipe. If the time interval is longer than 
2L/a only part of the maximum possible pressure variation will occur. For a negligible 
length (for instance when the valve is mounted at the outlet in a reservoir) pressure 
variation will also be negligible. 

The pressure drop at the initial upstream side of the valve can also be limited 
by the vapour pressure of the liquid. If so, a vapour cavity will be formed, followed 
by a sudden pressure rise when the cavity disappears. The pressure rise may be of the 
same order as the maximum pressure variation following from valve closure. Due to this 
pressure rise the valve may reopen and then close again. In some cases this may lead 
to hydraulic resonance. 

3. DEFINITION OF THE DYNAMIC CHARACTERISTIC 

As indicated in Ref. 1 the deceleration dv/dt is of decisive importance for 
the prediction of vp max . Especially when the valve is fully open in the initial steady 
condition dv/dt is the only variable determining vp max . So for each valve a graph can 
be provided showing v Rmax as a function of dv/dt. Such a graph characterizes the dyna- 
mic property of the valve and was therefore introduced as the dynamic characteristic 
of non-return valves (Ref. 7). This characteristic depends on the type of valve, 
dimensions, presence of springs, counterweights, etc. and should be provided by the 
valve manufacturer, e.g. see Fig. 2. 

A similar approach was followed by other investigators (Ref. 8) who gave the 
pressure rise at the original downstream side as a function of dv/dt, see Fig. 3. The 
pressure rise depends on the reversed fluid velocity at closure, the elasticity of 
the moving part and its seat, the wave speed in the connecting pipe and the length of 
the connecting pipe. Thus this method leads to a graph which depends on the properties 
of the test facility. The method proposed in Ref. 7 is more general since it is 
independent of the properties of the test facility as long as the deceleration keeps 
an almost constant value. 

4 . THE USE OF THE DYNAMIC CHARACTERISTIC 

When choosing a certain type of non-return valve for a pipe system under design 
or an existing pipe system in which a fast decelerating flow may occur the dynamic 
behaviour of the non-return valve and resulting pressures should be predicted. Real 
systems are often very complicated but one can mostly characterize the unsteady flow 
by the deceleration of the fluid. This deceleration can be determined by calculating 
the unsteady flow in the pipe system as if there was no non-return valve installed. 
Once the deceleration dv/dt is known, the maximum reversed liquid velocity VR max can 
be found by the use of the dynamic characteristic of the valve of interest. With the 
aid of Eq. (4) the maximum possible pressure variations at both sides of the valve can 
be calculated. Together with the predicted pressure at the valve at closure, the maxi - 
mum and minimum possible pressures at both sides of the valve can be found. It is also 
possible to programme the dynamic behaviour of a non-return valve in a transient 
computer code in such a way that the valve closes at a reverse liquid velocity which 
depends on the velocity gradient of the flow passing the valve. The valve should not 
cause a pressure drop during reverse flow. Simulations carried out with a computer 
which includes the above mentioned description of a non-return valve will give a good 
idea of the unsteady phenomena after closure. 

5. DETERMINATION OF THE DYNAMIC CHARACTERISTIC - 

The dynamic characteristic of a certain type of non-return valve can be deter- 
mined by performing experimental dynamic tests in which the flow through the non- 
return valve is quickly decelerated. Both the fluid deceleration dv/dt and the maxi- 
mum reversed liquid velocity Vn at closure have to be measured. These measurements 

A max 



can be performed in special test rigs described in Refs. 1, 3 and 8. A typical test 
result is shown in Fig. 4, showing traces of fluid velocity and pressures versus time. 

Each test gives one point in the v R max “dv/dt-plane . Through these test data a 
line can be drawn which is referred to as the dynamic characteristic. In Fig. 5 the 
dynamic characteristic is shown for a 200 mm dual flapper type non-return valve type 
BB 1 6 from Gestra, provided with super strong springs, for horizontal position. In 
Fig* 6 the dynamic characteristic is shown for a 200 mm translating disc non-return 
valve type RK56 from Gestra, provided with weak springs, for horizontal position. 

In Fig. 7 the dynamic characteristic of several valves of different types with a 
diameter of 200 mm are shown for horizontal position. With the aid of the theory 
developed the dynamic characteristic is calculated for the 200 mm translating disc 
valve RK36 from Gestra. For the purpose the hydrodynamic coefficient kp was estimated 
and is shown in Fig. 8. The diameter of the disc was 1 80 mm (A = 0,0234 m~) and the 
movement of the disc from open to closed position was 38 mm. The mass of the disc 
including surrounding water was estimated at 10 kg. A number of calculations was 
carr d out starting from a steady state condition in which the valve is fully open 
and posing a linearly decreasing flow. A typical result of such a calculation is 

shown in Fig. 9. Each calculation results in a reversed liquid velocity at closure 
(vp ) belonging to the deceleration (dv/dt) imposed. With a number of calculations 
the dynamic characteristic can be found. Such characteristic for horizontal position 
without spring is shown in Fig. 10 (curve A). 

If the inertia of the disc is neglected the dynamic characteristic can be 
determined analytically, see also Ref. 9* In that case the disc will follow the 
motion of the fluid so the displacement of the disc will be equal to the volume of 
the liquid which passed the valve after reversal of flow. Assuming a constant decele- 
ration dv/dt this leads at the instant of closure to: 


v p A 
K max 


I dv/dt I 


( 3 ) 


where is the volume displaced by the disc from open 
"horizontal" parabola in the VR^^-av/dt plane: 


^max 



2 Vp | dv/dt | 


to 


closed position. 


This is a 


( 6 ) 


3 2 

For the valve of interst = 0,000967 m and A = 0,0254 m which gives a character- 

istic as also shown in Fig. 10 (curve B) . Both characteristics with and without iner- 
tia as shown in Fig. 10 have the same shape, the difference is caused by the inertia 
effect. * 

In Fig. 11 the calculated and measured dynamic characteristics for the RK56 
valve provided with weak springs are compared. The resemblence for decelerations up 
to 10 m/s^ is evident. For higher decelerations the calculations seem to give too 
high values for the reversed liquid velocity at closure. Possibly the assumption that 
the hydrodynamic coefficient is solely dependent on the disc position does not hold 
for high decelerations. Calculated dynamic characteristics including both inertia and 
several spring loads are shown in Fig. 12. From these characteristics it may be con- 
cluded that the shape for high decelerations is the same, although |vR max | is smaller 
for a stronger spring. But the shape in the low deceleration region changes with 
changing spring load. This effect is also clearly visible for the dynamic character- 
istic of the BB16 valve provided with superstrong springs (see Fig. 5). 


6. REMARKS 

Results in Ref. 8 show pressure rise curves versus deceleration which all have 
the shape of a "vertical" parabola, see also Fig. 3. If the downstream pipe is long 
enough, the pressure rise is proportional to the reversed liquid velocity at closure 
according to equation (4). In that case the shape of the curves is the same as the 
shape of the dynamic characteristic. The shape of these curves as well as the shape 
of the characteristic shown in Fig. 2 differs from the theoretical one shown in 
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Fig. 10. Calculations as reported here show that the shape of the curves may change 
with increasing external load, especially in the region of low decelerations. For 
instance the dynamic characteristic of the 200 mm dual flapper type non-return valve 
as shown in Fig. 5 also has the form of a "vertical" parabola in the low decelerations 
zone ( | dv/dt j < 8 m/s^). When determining the dynamic characteristic it is therefore 
important to perform measurements over a wide range of decelerations. 

This range differs from type to type and also depends on the external load. For 
instance the low deceleration zone for the RK56 valve provided with a weak spring 
varies from 0-3 m/s^, while provided with a strong spring this zone varies from 
0-12 m/s^ (see Fig. 12). 

The difference between the shape of the curves in Ref. 8 and Fig. 2 and the 
theoretical shape might be explained by the low decelerations zone of these valves 
being larger than the area covered by the measurements. This needs further investi- 
gation. 

7. CONCLUSIONS 

The dynamic property of a non-return valve can be .presented in the form of a 
dynamic characteristic. With such a characteristic it is possible to predict the 
dynamic phenomena after valve closure and to compare the dynamic property of 
different types of non-return valves. In this paper several types of 200 mm diameter 
are compared. 

Further it is shown that the dynamic characteristic must be determined over a 
wide range of decelerations. An analytical analysis may be helpful to determine the 
relevant range to be measured. 
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SYNOPSIS 

An oscillating jet of high velocity liquid has 
been generated in a hydraulic system consisting 
of a tube with a buffer tank at one end and a 
spring loaded valve-nozzle combination at the 
other end. A numerical method has been developed 
to determine the flow properties in this system 
including the amplitude and the oscillation 
frequency assuming that the density of the liquid 
remains constant during the acceleration phase of 
the oscillation cycle and an inertialess nozzle. 
The theoretical predictions based on this method 
are confirmed by experimental results. High 
speed photographs are presented of the jet flow 
emerging from the nozzle. 

NOTATION 

A bore area of the tube 

a t sound velocity in the liquid filling 

an elastic tube 

D tube diameter immediately upstream 

of the nozzle 
Dj jet diameter 

Dn nozzle diameter 

D{_ tube diameter 

k,k spring constant, k = L/Ap Q 

L tube length 

^ _ v max / a t 

m,m ' nozzle mass, m = m/ pAL 
p pressure 

P* »P 




pressure immediately downstream of the 
tube inlet, p A = p A /p ( 


P B >P B pressure immediately upstream of 

the nozzle, p B = p B /p o 

P Q _ supply pressure 

t , ^t time , t = 1 v mo x ^L 

R»R force exerted by the liquid on the 

nozzle, R =R/Ap o 

u, u nozzle velocity ,u = u/v max 

v » v _ flow velocity in the tube/v = v/v max 

V B ,V B flow velocity immediately upstream 

of the nozzle > v B =v B /v max 
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All pressures are related to the ambient 
pressure. 


INTRODUCTION 

Self-induce d oscillating flow appe. frequently 
in hydraulic lines as a result of tue interaction 
between the flowing liquid and valves. This type 
of flow oscillation occurs in a hydraulic ram, 
known for over hundred years as a water pump 

[1-4] . This paper considers the ram-jet as a 
simple hydraulic system for the generation of a 
high velocity oscillating water jet, which can be 
used for hydraulic mining, cleaning and other 
purposes. It has been shown that a high speed 
unsteady water jet is much more effective for 
hydraulic mining and cleaning than a steady one 

[5]. 

The ram-jet (fig.l) consists of a buffer tank 
(1), a tube (2) and a spring loaded valve-nozzle 
(3). It operates similar to the hydraulic ram. 
The system is fed with water under supply 
pressure. When the valve-nozzle opens, the flow' 
velocity rises and exerts a stronger stagnation 
pressure force on the nozzle. This force 
overcomes the spring resistance and the 
valve-nozzle moves downstream thus choking the 
flow. When the valve-nozzle suddenly comes to 
rest on the nozzle seat, a compression wave 
appears at the nozzle and propagates upstream. 
The high pressure induced by this wave produces a 
jet of high velocity from the mouth of the 
nozzle. The compression wave arriving at the 
buffer tank is reflected as a rarefaction wave 
moving downstream. This wave reduces the 
pressure in the tube and hence the jet velocity 
when it reaches the nozzle. The reduced pressure 
on the nozzle then enables the spring to move the 
nozzle away from the seat. In the following 
phase the flow velocity increases again due to 
further reflected waves. This in turn produces a 
higher pressure at the nozzle, the nozzle moves 
downstream and closes again. The oscillation 
cycle is thus completed and the next cycle 
follows. 

i 

The flow properties in the tube and thus the jet 
velocity depend of course on the supply pressure 
as well as on the dimensions of the system. The 
theory is based on a one-dimensional model. 

GOVERNING EQUATIONS 

An unsteady one-dimensional flow in an elastic 
tube is described by the continuity equation 

The Fluid Engineering Centre, Cranfield, 
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The right hand sides of equations (1) and (2) 
express the influence of the elasticity of the 
tube and the wall friction respectively. The 
characteristics of equations (1) and (2) are 


dx 

n= v± “- 


( 3 ) 


The flow velocity v in equation (3) may be 
neglected if the wave velocity a^ is large in 
comparison with v. The compatibility equations 
corresponding to the characteristics (3) are 


dp - pa t dv = T -2- p ^ 1 1 1 i 

Vt 2 


( 4 ) 


As the variations of the density of the liquid 
and the flow velocity are very small, equation 
(4) may be partly linearized and integrated as 
follows 


p ± pa t v 



'dx — const. 


( 5 ) 


In the case of incompressible flow, equations (1) 
and (2) may be integrated along the stream lines, 
leading to Bernoulli's equation for unsteady flow 


pv 2 X. v ; v , d < ^ 

p- - 5 - + 4 p ~dt = const - ( 6 ) 

BOUNDARY CONDITIONS 

For constant pressure in the buffer tank the 
boundary condition at the buffer end is given by 
the stationary energy equation p =p + v 3 / 2. The 
boundary conditions at the nozzle end are given 
by the modified equations for continuity 

Vb - u = $ (v<d - u) (7) 

and energy 

PB + ~(vb - u)‘ = - ti)‘ • (8) 

Equations (7) and (8) correspond of course to a 
very simplified model of the much more 

complicated real flow in the valv-nozzle and have 
been shown to be valid for an equivalent nozzle 
having a variable exit cross-section equal to 
that of the considered valve-nozzle system 16]. 

The relative area of the outlet cross-section 
depends on the nozzle position as follows 

( <t> for y = 0 

$ = < d> • for y < y, (9) 

? * 1 — ( %r ) 2 for y>y, t 

where y M is the nozzle position when 

1 - (D n /D) 3 = 4y D n /D 3 

The nozzle travel typically is limited by a stop. 
The position of the stop y mcx determines the 
maximum value of <t> cor respond ing to y rnax <: y w • In 
the opposite case ^max I s equal to the value given 


Ly f~L /U 0~f Cf)- 

position in the range 0<y^y mQX is determined by 
the equation of motion for the valve-nozzle 

d 2 y 

-m— = R - k{Ay - y) , (]0) 

in which the friction term is neglected. The 

force R is produced by the flow pattern just 

upstream of the valve-nozzle, which strongly 

depends on the valve-nozzle position. The 

following approximate expression for R can may be 
introduced 


R = A n 


PB + p(vb - u) 


^_P{VB - U) 2 . 


( 11 ) 


Expression (11) results from continuity and 
momentum equations for the control surface marked 
in figure 4 by broken lines. In the momentum 
equation the momentum exchange through the side 
surface of the control volume has been neglected. 


MODELS OF FLOW PATTERN 


The wave pattern ‘described in the introduction 
may be illustrated in the x,t-plane as shown in 
figure 2a. The continous and broken lines in 
this figure indicate the trajectories of 
compression and rarefaction waves respectively. 
Only the main waves are shown. The secondary 
waves, which appear as a result of the tube 
motion are neglected. The oscillation period T 
is the sum of the time intervals AT^and AT 2 . 
ATj corresponds to the jet phase where the 
valve-nozzle rests on the seat and hence the jet 
velocity is high. AT 2 corresponds to the 
acceleration phase of the water column in the 
tube where the jet velocity is low and the flow 
velocity grows from nearly zero to the value 
which is necessary to move the nozzle in the 
direction of the seat. We assume that the flow 
in the tube is directed to the valve nozzle in 
each phase of the oscillation cycle. A more 
general case taking into account also opposite 
flow direction is considered in [7], 

In addition to the wave pattern the phase diagram 
of pressure and velocity may also be used to 
illustrate the transients of the pressure waves 
(fig. 3), Each point in the phase diagram 
corresponds to the conditions behind a single 
wave front. The numbers of the different points 
in the phase diagram correspond to the states 
behind the like numbered pressure waves in the 
wave pattern (fig. 2a). The transitions between 
the different states of pressure and velocity are 
determined by the compability equations (4) and 
the boundary conditions at both ends of the tube. 
In the phase diagram these transitions are 
illustrated by thin continous lines. The 
boundary conditions at the buffer tank and at the 
valve nozzle are shown by thick continuous and 
dashed lines respectively. 

INCOMPRESSIBLE FLOW DURING THE ACCELERATION PHASE 


The waves appearing in the acceleration phase 
AT 2 (thin lines in fig. 2) are weak in comparison 
with the primary compression and rarefaction wave 
(thick lines). Therefore, a considerable number 
of these weak waves is necessary to accelerate 
the liquid. Thus the acceleration-phase AT 2 must 
be long in comparison to the jet-phase AT| . For 
the weak waves of the acceleration phase the 
incompressible flow during the AT 2 may be assumed. 
In this case the wave diagramm can be simplified 
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as shown in figure 2b. The cycle begins at the 
time tj where the valve-nozzle rests on the seat. 
During the following acceleration phase the 
valve-nozzle moves from the seat to the stop and 
back. When the valve-nozzle arrives at the seat 
a compresion wave ocurs and is reflected from the 
buffer tank. The initial condition for the flow 
in the acceleration phase is determined by the 
flow properties just behind the reflected 
rarefaction wave. In the case considered in this 
paper the flow velocity behind the rarefaction 
wave is directed into the buffer tank. Thus 
during AT 2 the following energy equation must be 
satisfied 


Po 


PB + 


PV 4 


+ pL 


dv 

dt 


, L pv 2 

D t 2 


(12) 


Incroducing dimensionless parameters and boundary 
conditions at the nozzle end, we get from 
equations (7,8,10-12) the following expressions 
for the derivative of flow and nozzle velocities 
and the nozzle position 


dv B 

~3T 


1 ~ Pb - 



(13) 


(14) 

(15) 

where 

Pb = (v B - u) 2 (J? - 1) 


= = [R~ k (Ay - y)l , 
dt m 1 

dy 

-Ji = ~ u * 


and 



v B ~ v3 . 

Using equations (13-15) the flow properties at 
the time t 2 (fig.2b) can be calculated. On the 
other hand the flow properties at the time 
instants t^and t 2 are coupled by compability 

equations for compression and reflected 

rarefraction waves as well as by the boundary 
condition at the nozzle end. During the 
jet-phase AT] the flow velocity in the tube is 
relatively small. In this case the friction term 
in equation (5) can be neglected. Under this 
assumption we have from equations (5,7 and 8) 
for the compression wave 


1 1 
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CASE OF THE INERTIALESS VALVE-NOZZLE 


Normally, the mass of the valve-nozzle is much 
smaller than the mass of the water column in the 
tube. In this case the mass of the nozzle can be 
neglected. Using the model of incompressible 
flow in the acceleration phase AT^ this assumption 
and the assumption of a constant spring force 
during the nozzle motion equal to its value at 
y=0 (which is admissible when the nozzle travel 
y max is sufficiently small in relation to the 
spring deflection Ay), allow to solve equation 
(13) analitically . 


r e r, (*~ ( ‘) 

v B -- p — Trr\ 


- e 

-r £ 


(20) 


where 


r = 


0 - *Ay/|j%) 2 - 2o] the 


valve-nozzle moves 


1 


the valve-nozzle rests 
on the step 


Q ** 



x r l -r r, 

-r V -!■ (0,/$max) 2 


the valve-nozzle moves 

the valve-nozzle rests 
on the stop 


_ r - qvB3[0 
t + qvBzjP 

From this equation the duration of the 
acceleration phase AT 2 can be obtained. In this 
way one obtains the oscillation frequency of the 
ram-jet. 

EXPERIMENT 


Experiments were conducted in an apparatus 
employing a steel tube of 1 1/4 M diameter ana 
0.95 m length. The buffer tank consists of a 
short tube of 2" diameter filled with cellular 
rubber. The valve-nozzle section shown in 
figure 5 has a moving mass of m=0.042 kg returned 
by a coil spring of k=7321 N/m. The entire 
system was suspended with rubber shock cords. A 
pump with a regulated outlet pressure was used to 
supply of water to the system. Both the supply 
pressure p and the nozzle travel y mQX were 
controlled during the experiments. For given 
p and y mQX , the pressure transients at both tube 
ends as well as the acceleration of the tube 
itself were measured. Kistler pressure 
transducers (types 601A and 6031) and a Kistler 
accelerometer (type 816A) were used. 
Additionally high speed photographs of the jets 
were taken at several times during the 
oscillation cycle. 


Pb: - Pb] ~ i v B i - vb 2 ) 


and for the rarefraction wave 
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RESULTS AND DISCUSSION 


An example of measured pressure and acceleration 
traces is shown in figure 6. The pressure signal 
from the transducer placed close to the nozzle 
shows regular peaks, induced by waterhammer, 
appearing in the time intervals AT] , while the 
valve-nozzle rests on the seat. The pressure 
traces at both tube ends are seen to differ from 
one another. As a result, an unbalanced 
longitudinal force appears which Involves the 
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records. The signal from the accelerometer shows 
high frequency tube vibrations resulting from the 
transformation of pressure energy to acceleration 
of the tube. 

Using the model described above the values of 
pressure and velocity have been calculated . 
corresponding to the experimental parameters. 
These results are shown in figure 7 . In these 
calculations a fixed tube and a constant pressure 
at the buffer end were assumed. The measured and 
the calculated oscillation frequency as well as 
the pressure amplitude are compared in figure 8. 
Since the agreement between the values calculated 
those measured is satisfactory, it can be 

concluded that the inertia of the valve-nozzle 
has only a minor influence n the flow within the 
range of parameters consic ?d . It appears then, 
that the assumption of an inertialess 

valve-nozzle leads to an adequate model of the 
flow considered. 

In general, the oscillation frequency grows as 
the duration of the acceleration phase decreases. 
An increase in the spring force, the nozzle 
travel or the relative outlet cross-section 
causes an increase in the acceleration time 

interval AT 2 . In the same way a decrease of the 
cross-section ratio or of the supply pressure 
leads to an increase in the acceleration time 
interval AT 2 and thus to a decrease of the 
oscillation frequency. Simultaneously, longer 
AT 2 lead to a higher flow velocity at the moment, 
when the valve-nozzle stops on the seat. This in 
turn increases the pressure amplitude. The high 
speed photographs show three states of the 

oscillation cycle with a supply pressure of 
0.127 MPa and a nozzle travel of 9.3 mm. Figure 
9a shows the initial state of the flow through 
the open nozzle, figure 9b corresponds to the 
acceleration phase. Figure 9c shows the high 
pressure jet flow generated when the nozzle stops 
on its seat. 

CONCLUSIONS 

The hydraulic system considered here can be 
effectively exploited to generate an oscilllating 


je+-c?4 press arc. , 

and pressure amplitudes strongly depend on the 
system dimensions and of course on the supply, 
pressure. The oscillating flow appears 

accurately predicted analytically using the model 
which incorporates an assumption of 
incompressible liquid flow during the 
acceleration phase and an inertialess nozzle. 
The theoretical and experimental results show 
satisfactory agreement, in spite of some minor 
discrepancy between the theoretical model and 
detailed experimental observations. It appears, 
that the model can be used effectively to design 
practical systems. 
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Summary 

The dynamic behaviour of check valves can be an 
important factor in the design of pipe systems. 

In this paper check valve closure and the 
resultant pressure fluctuations are gone into in 
some detail. Results of field measurements as 
well as numerical simulations are presented. 

Criteria for aiding the valve selection, such as 
displacement volume and the eigenf requency of the 
moving parts and the natural closing time of the 
valve are discussed. 

Reference is also made in the paper to how in the 
case of cavitation the subsequent water hammer 
can be prevented with a check valve in the line. 

Introduction 

In most pipeline systems check valves are 
essential components. Their function is to limit 
backward flow in respect of reverse rotation of 
pumps and emptying of reservoirs or pipelines. 
Under transient conditions check valves can also 
-contribute actively to causing pressure surges. 

Badly selected check valves can even be a danger 
to the plant. The pressure can exceed the 
allowable limit and the valves can even be 
severely damaged when they slam too hard. Mostly, 
the two occur in combination with each other, but 
in short pipes slamming of the valves is not 
necessarily connected with a high pressure surge. 

In recent years there has been an increased 
effort to take into account check valves in the 
pressure transient analysis. For this purpose 
reliable information on dynamic properties must 
be available. Test rigs have been developed for 
investigating the dynamic behaviour of different 
types of check valves. 

Held in Hannover, F.R. Germany. Organised and sponsored by 
Bedfordshire, MK43 OAJ, England. 
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Principle of Check Valve Closure 

To analyse the slamming phenomenon one can limit 
the consideration to the pipe connected to the 
check valve. Under transient conditions, e.g., 
after a pump stop, the flow through the valve 
starts to decelerate. When the flow velocity has 
reached a valve smaller than the fully open 
velocity of the valve v 0 , the valve starts to 
close. Owing to the inertia and the travel 
distance of the moving parts, the valve closes 
after backflow is reached (Fig. 1). We shall 
refer to the maximum return velocity as v r . 

Undampened valves close normally in such a way 
that the flow changes from v r to zero rapidly 
in terms of the pipeline period. This change 
generates a sudden pressure rise at the normal 
outlet side of the valve, which can be calculated 
from Joukowsky's well-known equation: ' 

A P = 9 c v r (1) 

where c is the propagation speed of pressure 
waves and 9 the density of the fluid. 

In principle, the dampened valves act in the same 
way. Seen in Fig. 1 is a qualitative comparison 
of a dampened and an undampened valve of similar 
type. The maximum backflow of the dampened type 
is much higher and the time T s for the change 
from v r to zero is appreciable longer. Both 
depend on the time scale of the dampening 
mechanism. 

The extent of the pressure rise depends as a 
first approximation on the amount of v r and the 
ratio between T s and the travel time T r of a 
pressure wave to the next reflection point of the 
pipe system. 

If T s is smaller than 2 T r , then an even 
higher pressure rise is generated compared with 
an undampened valve. A reduction in the pressure 
rise can only be obtained when the dampening time 
Tj is chosen in such a way that T s is a 
multiple of 2 T r . 

The longer T <4 is the smaller is the pressure 
rise caused by the check valve. On the other hand 
the total backflow increases with an increase of 
. Above a certain point this can mean that 
the check valve is not fulfilling its function of 
protecting the pump against reverse rotation. 

If wishing to install dampened check valves one 
has to analyse very carefully with a pressure 
transient calculation the piping system, taking 
into account the exact technical data of the 
pumps and check valves to achieve a suitable 
value for T^. 

For a given valve, the higher the deceleration of 
the flow, the higher is the maximum backflow v r 
and consequently the pressure rise. As a first 
approximation the rate of the flow deceleration 
can be calculated from the difference between the 
pressure heads at the ends of the connected pipe 
and the pipe length. 

Shown in Fig. 2 are some typical layouts where a 
high flow deceleration can be expected. Layouts 
(a) to (c) show situations where flow 
deceleration is due to pump failure. Layout (d) 

BHRA, The Fluid Engineering Centre, Cranfield, 
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through the check valve stops when the pump 
s tarts . 

In systems similar to these shown it is necessary 
to predict the dynamic behaviour of the non- 
return valve and resultant pressure and/or to 
choose a quick-closing check valve. 


Field Measurements 

Reported in / 9/ are some tests comparing a swing 
check valve and a Mannesmann Demag ring (annular) 
nozzle check valve, both having a nominal 
diameter of 300 mm. The tests were performed in a 
system with a surge vessel and with two pumps 
working in parallel. The total pipe length is 
about 6 km and the difference in water level 
between the two reservoirs is 47 m. 

When one pump is running the head is 50 m and the 
delivery is 162 1/s (2.3 m/s velocity in the pipe 
connected to the valve). Both pumps running gives 
a head of 61 m and a delivery of 255 1/s (1.8 m/s 
velocity) . 

In both cases a pump failure was simulated and 
the pressure was recorded immediately downstream 
of the valves. A set of pressure-time histories 
is shown in Fig. 3 (retraced for clarity). 

The ring nozzle type check valves show a 
considerably better performance under such 
transient conditions. All the swing check valves 
in this system were replaced. 

In some publications / 5 / 6 / other experimental 
data are presented which show similar situations 
where it was necessary to install check valves 
with very short closure times. 


Theory 

The motion of the moving parts of the valve is 
described by Newton r s Second Law of Motion: 

F I + F w + F 6 + F s + Ff + F h = ° (2) 

The terms in this equation represent the forces 
exerted on the translational moving part (or 
torques for valve types with rotating parts) due 
to, respectively, inertia (of the parts and the 
surrounding water), gravitation, buoyancy, 
external forces (weight or spring forces), 
friction, and hydrodynamics. 

A general solution of equation (2) covering 
different valve types cannot be found. The 
gravitation, buoyancy and external forces are 
easily determined from valve dimensions, material 
properties and spring forces, but the 
determination of the hydrodynamic and the 
friction forces is afflicted with great 
uncertainties . 

Satisfactory assumptions can be found only in 
combination with measurements. Some acceptable 
solutions have been published. They are valid 
only for certain types of check valves, but it 
has been found to be sufficiently accurate to 
assume the hydrodynamic forces to be proportional 
to the square of the net flow rate passing the 
moving parts and to a coefficient which is solely 
dependent on the position of the moving parts. 

A numerical solution for the ring nozzle type of 
Mannesmann Demag has been developed by the use of 
this assumption and measured values of the 


hydrodynamic coe/'t icient . me numerical moaei is 
implemented in a code for the calculation of 
pressure transients which is based on the method 
of characteristics. 

Results of calculations on a parallel pump 
station are presented in Fig. 4 and 5. Fig. 4 
relates to a simulation of a ring nozzle check 
valve with weak springs as it is shown below in 
Fig. 6. The dynamic properties of a conventional 
swing type check valve are simulated in 
calculations shown in Fig. 5. 

The time histories of the relative valve opening 
position (the dotted line represents the actual 
equilibrium position), the flow velocity through 
the valve and the pressure downstream of the 
valve are shown. 

The calculations in Fig. 5 show a hard slamming 
followed by repeated opening and closing of the 
valve. Due t the high pressure fluctuations, 
cavity is f med and the pressure rise after the 
second clos a is even higher than that after the 
first. The results make clear the importance of a 
quick-closing valve in such a piping system. 

Comparative Experimental Investigations 

Since an analytical method comparing the dynamic 
properties of different check valve types and 
sizes is not possible, in recent years attention 
has been focussed on experimental studies. In the 
more sophisticated tests a constant deceleration 
is generated and the maximum backflow velocity 
v r is determined /1/2/3/6/8/. 

The most published measurements were performed in 
the Delft Hydraulic Laboratories. In the 
publications by Provoost / 3/ and Thorley / 6/ the 
different dynamic behaviours of the valve types 
become clear. The moving ball type and the swing 
type give a comparatively poor response with 
relatively high reverse flows at modest 
decelerations. The split disc type is rather 
better, particularly with strong springs. 
Nevertheless, all results indicate that the ring 
nozzle valves give the best performance even at 
the highest deceleration rates. 

In accordance with Provoost /2 /, the dynamic 
characteristic shall be defined here as a graph 
of the velocity v r versus the flow deceleration 
dv/dt . 

Such a dynamic characteristic can only be applied 
direct in pressure transient analysis where a 
constant deceleration occurs similar to that in 
the tests, and where the check valve is fully 
opened in steady state. Re-opening of valves 
cannot be simulated. 

However, the results of the measurements are very 
helpful for assessing the accuracy of a numerical 
model. Calculated and measured dynamic 
characteristics of tested ring nozzle type check 
valves are shown in Fig. 6. The solid lines 
represent calculations based on a solution of 
equation ( 2) . 

Discussion of Comparative Parameters 

Up to now the most information about dynamic 
properties of a check valve is given with a 
measured dynamic characteristic. Since it would 
be too expensive to test each valve, criteria for 
the estimation of the dynamic behaviour have to 
be found additionally. Some ideas are outlined in 
the following. 



92 If friction, external load and inertia are 
neglected, the dynamic characteristic can be 
determined analytically. The disc will follow the 
motion of the fluid, thus the volume of the 
liquid which has passed through the valve after 
reversal of flow will be equal to the 
displacement of the disc. 

This volume V D is known from the valve geometry. 
Compared in Fig, 7 is a so-determined dynamic 
characteristic of the Mannesmann Demag check 
valve DRV-B 300 (V D = 1.25 dm^) with results 
of calculations based on different spring loads. 
The spring force is expressed as the fully 
opening velocity v Q of valves in the horizontal 
position. , 

It becomes clear that for such a spring-loaded 
type of check valve (also weight-loaded swing 
type), taking into account only displacement 
volume is not sufficient when comparing different 
check valves. The displacement volume only gives 
a first approximation of which dynamic behaviour 
of a certain check valve can be expected; the 
smaller the displacement volume, the better is 
the dynamic characteristic. 

Another important parameter is the eigenf requency 
of the moving parts. Nearly all types of check 
valves can be regarded as a pendulum. In general 
it can be said that the higher the e igenf requency 
the better is the dynamic behaviour. The 
limitation of this relation is again found in its 
application to weight- or spring-loaded types of 
check valve. 

An external weight decreases the eigenf requency 
of a swing type check valve, but it has the 
effect of, particularly at small rates of flow 
deceleration, a better dynamic behaviour. 

For spring-loaded types the e igenf requency is 
determined by inertia and spring rate. Depending 
on the installation position and on the amount of 
the spring forces, valves having the same 
eigenf requency can exhibit a different dynamic 
behaviour . 

To take these effects into consideration one can 
switch over to an easily determinable parameter 
which is connected with the e igenf requency , 
namely, the time t n which a valve needs to 
change from fully open to the closed position in 
a still fluid. We shall refer to this time as the 
natural closing time. 

For the tested Mannesmann Demag yalves (shown in 
Fig. 6) t n can be given as follows (in air): 

Type DRVg 200 - 29 ms. 

Type DRV-B 300 with weak springs - 28 ms, 

Type DRV-B 300 with strong springs - 10 ms . 

From the measured dynamic characteristics for 

each rate of flow deceleration it is possible to 
determine the time t r between flow reversal and 
valve closure. Relating t r to t n gives a 
average ratio of 1 : 1.5 within a range from 
1 : 1 to 1 ; 2. 

In /4/ are reported some preliminary tests on a 
swing type check valve of 150 mm nominal size. 

^natural c l° sin 8 time of 220 ms through an angle 

0l 57 in air was measured. This time can be seen 
to be in accordance with the above relation when 
compared with the measurements of dynamic charac- 
teristics in / 1 / 5 / (in spite of all uncertainties 
seeing that it was not the same valve in both 
cases ) . 


The results of tests already performed and future 
measurements should be used to examine whether or 
not this or a similar relation can be found to be 
generally valid. 

In these considerations concerning an easily 
determinable parameter for an estimation of check 
valve behaviour, friction forces are only 
included to a limited extent. Many types of check 
valve have to be inspected and lubricated at 
certain intervals, otherwise after some years in 
use the friction forces can increase 
significantly due to corrosion and other 
contamination of surfaces. This can have a 
detrimental effect on the dynamic behaviour. The 
only known check valves of almost frictionless 
design are the Mannesmann Demag ring nozzle type 
check valves. 


Dynamic Behaviour in Relation to Valve Size 

Only a few experimental investigations have been 
carried out to determine the dependence of the 
dynamic behaviour on the valve size. In / 2/ 
results of measurements are presented which were 
performed on check valves of 100 and 200 mm 
nominal size. The maximum reverse flow velocity 
can be found to be in about direct proportion to 
the valve size. 

Shown in Fig. 8 are calculated characteristic 
dynamics for the Mannesmann Demag nozzle check 
valves of the type DRV-B. The spring forces are 
chosen in such a way that all valves have the 
same full opening velocity of 1.5 m/s. The 
results confirm the aforementioned dependency of 
the valve dynamics on the size. 

If a system requires the installation of a 
quick-closing valve, a better performance can be 
obtained by using a valve of a smaller nominal 
size than that of the piping. The flow velocity 
and the deceleration will be increased, but the 
pressure rise due to valve closure will be 
smaller. This effect can be increased for spring- 
loaded valves because, on account of the higher 
flow velocity, they can be fitted with stronger 
springs. 

However, on the other hand, when using smaller 
valves, the pressure loss will be increased, and 
therefore this method may be useful only for 
valves with a low pressure loss. 


Check Valve in Line to Prevent Water Hammer 

After a pump failure the pressure in a pipeline 
can drop to the vapour pressure of the liquid and 
vapour cavities may form. Large pressure rises 
can follow the cavity collapse. The most common 
surge protection devices such as surge vessels, 
surge shafts and air admission valves work in 
such a way that the pressure is kept above vapour 
pressure . 

A not so common but useful aid can be to install 
a check valve in the line to prevent the cavity . 
collapse by the return flow. 

Fig. 9 shows correspond] ng calculated 
pressure-time graphs. The calculations were 
carried out on a single pipe system of a total 
length of 1.5 km, a water level elevation of 60 m 
and an initial flow velocity of 2.5 m/s. The 
location of the check valve was chosen downstream 
of the point where the greatest cavitation takes 
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It is neccessary for this purpose for the check 
valve to have a certain amount of leakage. 
Otherwise the pipe will stay partly filled and a 
pressure surge will occur after the restart of 
the pump. The one graph in Fig. 9 shows the 
result of calculations with a loss coefficient 
for reverse flow of a magnitude of 10^. The 
lower the valve leakage the longer it takes for 
the pipe to fill up and a restart of the pump to 
become possible. On the other hand, the higher 
the leakage the less is the reduction in the 
pressure surge. For those reasons an application 
of this type of surge protection needs to be 
analysed carefully. It is favourable to install 
valves equipped with a small by-pass pipe with a 
throttle valve. There are valve manufacturers who 
have such valves in their standard range of 
produe ts . 


Conclusions 


When choosing a certain type of check valve for a 
pipe system in which a high deceleration may 
occur, in the interest of avoiding check valve 
slam, a quick-closing type should be selected. 
Design parameters such as inertia and travel 
distance (displacement volume) of the moving 
parts can be helpful in estimating the dynamic 
behaviour of a certain valve. 

Additionally, the manufacturers should be asked 
for information about the eigenf requency and the 
so-called natural closing time. These are 
criteria giving a much better idea of the dynamic 
properties . 

The manufacturers should also be able to give 
information about the pressure rise caused by 
their valves for a given value of flow 
deceleration . 

The pressure loss in the valve may be small 
compared with the overall losses in the system, 
but nevertheless it should be kept in mind. Most 
valve types can be tuned by reducing the extent 
of the opening or by other design modifications 
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the frictional head loss. Further dynamic tests 93 
should be performed simultaneously with pressure 
loss measurements. 
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The equations describing the flow in a nozzle, and therefore be- 
tween a pair of reeds at any time (t), are: 

The continuity equation is 
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Fig. 7. Pressure Distribution on the Combustion-Chamber Side 
of the Reeds 
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Address : COMMISSIONER OF PATENTS AND TRADEMARKS 

Wnnhington. D C 20231 
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Luther Rangely 

P.0. Box 1574 

Grass Valley, CA 95945 
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DATE OF ORDER 
10-18-88 
SERIAL/PATENT NUMBER 

2,030,759 

FILING/ISSUE DATE 

02-11-36 


NO net OK INCOMPLETE ORDER 


This is in reference to your order which we are unable to complete. The paragraph(s) checked 
indicate(s) the reason(s) and suggests any action on your part which might be necessary. 

Order lacks the signature of one authorized to obtain copies. 

2. HU The information given does not correspond with our records. An error was made relative to the 
following checked item(s): 


□ name 


d 


□ serial/patent number 


□ filing/issue date 


□ title 


The file cannot be located at this time. An Official Search is being made and as^soon as it is 
found, copies will be furnished. 


4. LU The file has been destroyed. 


5. LH Application filed incomplete. Reorder after all requirements have been met and a filing date 
has been assigned. 

6.0 Case has not yet been placed on security film and the file is not available for photocopying. 
Reorder three (3) weeks after receipt of your Official Filing Receipt. 

7. 1 — I Not entitled. Copies of pending applications may be obtained only by, or with written consent 

of, the applicant, attorney of record, or the assignee, if any. 

8. n Page was not filed along with the other application papers. This page along with an 

amendment should be forwarded to tne Examiner in charge of this case for entry. 

□ Other: 
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to the drawings, to receive the Letters Patent, and to transact all business in the United States 
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U- O^P NJjjW'* 

The invention relates' to Rft-ongino - construction, and 

A 

more particularly to e combination fluid operated engine and 
compressor . 

The primary object of the invention is the provision 

a. 

of sp ongiao ^of this character, wherein there is arranged ah 
automatically counter balanced crank shaft aid fluid equalizers 
within a storage tank, which makes it possible. for the said 

■V 

engine to operate on constant reserve tank pressure so as to 
actuate additional equipment, the pistons for the engine being 
also automatically balanced and suspended when the said engine 
is in operation. 

Another object of the invention is the provision 
of an engine of this character, wherein the same is operated 
from air under pressure, the said air being supplied by 
compressors, these being in bank with the engine construction. 

A further object of the invention is the provision 
of an engine of this character, wherein the same is of novel 
construction, as the enjire proper and the compressors are 
operated from the same crank shaft which is of the automatically 
balanced type, so that high efficiency is attained. 

A still further object of the invention is the provision 
of an engine of this character, which is comparatively simple 
in construction, thoroughly reliable end efficient in Its 
operation, strong, durable, and inexpensive to manufacture. 

With these and other objects in view the invention 
onnsists in the features of construction, combination end 
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arrangement of parts as will be hereinafter more fally described, 
illustrated in the accompanying drawings, which disclose the 
preferred embodiment of the invention, and pointed out in the 
claim^ hereunto appended. 

In the accompanying drawings: 

Figure 1 is a perspective view of th^ engine oo ns tr noted 
in accordance with the invention. 

Figure 2 is a vertical transverse sectional view 
through the compressor part of the engine. 

Figure 3 is a vertical 'sectional view through the power 
part of the engine. 

Figure 4 is a detail elevation of th^ cranke* shaft 
of the engine. 

Figure 5 la an enlarged sectional view through one 
of the electric heaters for the engine. 

Figure 6 is a vertical longitudinal sectional view 
through the air storage tank lnoluding the equalizer. 
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Similar reference characters indioate corresponding 
parts throughout the several views in the drawings. 


Referring to the drawings in detail the engine in 
it 8 entirety comprises a oylinder blook 10 having formed therein 
the series of compressor cylinders 11 and thej|5Qwer cylinders 


to jpowe 

gzt 


12, respectively, the block 10 being of the 7-type and closing 
the upper ends of said cylinders are the removable heads 13 and 
14, respectively, whioh are secured in place by head bolts 15, 
as is conventional. Beneath the block 10 is the crank esse 
16, which at opposite sides carries the detachable plates 17, 
these being held in plaoe by fasteners 18 and such plates are 
seeted so as to be leak proof. The block 10 is chambered 
to provide a water Jacket 19 about the cylinders, while at the 
forward end of the said block^la~a water pump^O oirouleting 
water through the inlet pipe! 21 which leads into the Jacket 
\ and letting said water out therefrom through the outlet pipe 22 

leading from said water Jacket. Next to the pumpa20 is a fan 


23 operated from a belt 24 


the pump-: 


Working within the cylinders 11 are the reoiprocating 
pistons 25, their sto m a 26 being slidable through packing glands 
27 and fixed to yanneFS 28, which are slidably mounted upon 

guides 29 secured within the orank oaae 16 to opposite side walls 
thereof. These rurmer-s 28 are fitted with wrist pins 30 pivot- 
ally connecting therewith tho connecting rods 31 which by the 

o.y 

herrings 32 are engaged with their cracks 33 o f, as'-automat-io felly 
counter balanced crank shaft 34, which is mounted in supports 


'xj OL 




*£ 


35 arranged, in the orank case 16, the 8haft being supplied, with 
the required, bearings 36. 

The inner ends of the cylinders 11 are fitted with 
inner end heads 37, which are provided with air intake porta 
38, these being fitted with spring ball inlet checks 39, the 
air having admission through passages 40 opening exteriorly 
of the block 10 . 27 ^ 

The heads 13 and 37 are provided with^the compressed- 

air outlets 41 and 42, respectively, these being fitted with 

spring ball checks 43, the heeds 13 being also provided with 

the oentral air inlets 44, which are fitted with spring fr al fr* 

cheoks 46. By couplings 46 are attached to the air outlets 
- « . 

41 and 42 a*#- outlet feed pipes 47 and 48, respectively, these 
leading to a main conduit 49 located in the center channel 60 
in said block 10. 

At the rear end of the block 10 and on the shaft 34 is 
the fly wheel 61, this being of conventional type. 

Working within the cylinders 12 are pistons 62, their 
a le tt e 53 sliding through packing glands 54 and *»e« fixed in 


r unn e- r e 56 slidably mounted upon guides 56 which are secured 
within the orank|oase 16 at opposite side walls thereof. The 
- runn e- r e 55 carry wrist pins 57 connecting therewith connecting 
rods 58, these being engaged by bearings 59 with their respective 
cranks 60 of the crank shaft 34, the inner ends of the cylinders 
12 being also closed by inner heads 61 with which are associated 
the glands 54. 

On the cylinders 12 are slide valve chest3 52 in which 
are the slide valves 63, these A operated by throw rode 64 actuated 
by cams 65 and such valves controlling the air admission and 
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exhaust of air to and from the cylinders 12 through the ports 


cj O-s 66 and 67, respectively., and these valves 63 are provided with 
the ports 68 for the delivery of air under pressure from 
the inlet passages 69 common to a lead 70 from a compressed air 
storage tank 71. 

The bottom of the crank case 16 is fitted with a 
removable plate 72 which is secured in place by fasteners 73, 
and when this plate is removed access can be had to the orank 
shaft 34 and the bearings for the engine, as yll as other 
parts within said crank case, as should be obvious. 

_ Leading into the cylinders 11 are the passages 74 

of a lubricating system (not shown). 

The storage tank 71 for the oompressed air lnoludes 
^ O— therein ^_ »n eq u a li ze r 75, this being supported by a member 76 

and leading to this equalizer is an air inlet pipe 77 which has 
the comraunioation 78 with the chamber 79 formed by said tank. 

In the equalizer 75 are the spaced spring ball checks 80 and 
81, respectively, one being for the inlet sidf and the other 
for the j^hauaV or outlet side of said equalizer. This pipe 77 is 
connected with the main conduit 49, while a pipe 82 is connected 
with the leads 70, the tank being also fitted with an automatic 

relief valve 83 of any approved type. 

7o 

About the pipes A for the passages 69 are the electric 
heating units 84 which are for the purpose of heating the eir 
under pressure above a freezing temperature when delivered 
from the tank 71 to the cylinders 12. 

■“Supported on the block 10 is an electric generator 65 
which is driven from the shaft 34 through a belt 24 and this 
gon orator is included in an electric circuit which also hae 


the heeters 84 so that these will operate from current furnished 
by said generator. 

The storage tank 71 with the equalizer are so constructed 
that it is possible to pump air into the said tank with a tank 
pressure of two hundred pounds, while the compressors are only 
pumping against fifteen pounds or atmospheric pressure. Outside 
air pressure source oan be coupled with the tank to augment that 
pressure derived from the cylinders 11 of the engine. 
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That is cleimed is: 


An engine of the character described, comprising 


a block having cylinders, pistons operating in said cylinders, 
certain of the, cylinders and their pistons forming a. fluid 
compressor unit\ and the other cylinders and pistons forming a 
power unit, meanti for storage of compressed fluid from th# 
compressor unit, 4pd means for delivering compressed fluid 
from said means to 'the power unit. 

2, An engine \^f the character described, comprising a 

block haring cylinder^, pistons operating in said cylinders, 

\ 

certain of the cylinders and their pistons forming a fluid 
compressor unit and the other cylinders and their pistons 
forming a power unit, a storage tank for the compressed fluid 

from the compressor unit, means for delivery of compressed fluid 

\ 

from the tank to the power unit, and a fluid equalizer within 
the tankj i 

3 , An engine of the character described, comprising a 
block haring cylinders, pistons operating in said cylinders, 
certain of the cylinders and their pistons forming a fluid 
compressor unit and the other cylinders and their pistons 
forming a power unit, a storage tank, means for delivery of 
compressed fluid from the compressor unit to the tank, means 
for feeding compressed fluid from the tank to the power unit, 
s... fluid ^equftii zer within the tank and evicting with the first 

named means, /and a heater connected with the last named means. 

\ 

4, An engine of the character described, comprising a 
block having cylinders, pistons operating in said cylinders, 
certain of the cylinders and their pistons forming a fluid 



113 



» 



compressor unit end the other cylinders end their pistons forming 
a power unit, a storage tank, means for delivery of compressed 
fluid from the compressor unit to the tank, means for feeding 

compressed fluid from the tank to the power unit, a fluid equal lz er 

within the tank and ooaoting with the first named means, a heater 

oonnected/with the last named means, _a balanced crank shaft 

/ 

common to and connected with said pistons, and^ valve mechanisms 

for the inlet and outlet fluids to and from said units, one 
/ “"1 
mechanism being controlled by said orank shaft ^ 


l ' '/ 









rv 


^.signature. 



gH 


(Siom hW, First nime la full.) 


OATH 


..£XAX£..d£_..^^.§M. 


..CQUiiT.Y....Qi....Cit«^ik. 


..Bai-Aeal.. 


the above-named petitioner...., being duly sworn , depose a., and say .. 8 that-..he...±j&...& 

citizen.-, of (/)„ tJia..UJnitad...S.tj?.leja...O-f.-.A ? n-CXic.fi^ 

and resident.... of.~ 

ArAe.ar.sas.* - — 


that li.fi verily believe. e...himaalf to be the original, first, and 

inventor..- of the improvement ..fl in 


.. 32 LGIXSS^.. 


described and claimed in the annexed specification; that he. do&& not know and dojgA- 

not believe that the same was ever known or used before hla _ — invention or discovery 

thereof, or patented or described in any printed publication in any country before hi-fi. — 

invention or discovery thereof, or more than two years prior to this application , or in public 
use or on sale in the United States for more than two years prior to this application ; that 
said invention has not been patented in any country foreign to the United States on an 

application filed by him or h±£ — legal representatives or assigns more than 

twelve months prior to this application; and tliat no\}p plication for patent on said improvement 

has been hied by - h i m _or_...hia or assigns in any country foreign 

to the United States , aur&X xxtei&xx: ( 3 ) - 


here 

EG? Tutit Dime la Foll, )- 


Sworn to and subscribed before me this day of 


ijeoember 




VrricUl Sljj i/Jiure.) 


rScal here, to be impressed! 
I la paper. J 


is otury \L ) u / b3. ic 


uy ooiriiiiir-iHioii expires la '.? 













department of Commerce 

md UNITED STATES PATENT OFFICE 

WASHINGTON 

!&•«« «iuf below a communication from the EXAMINER in 
"charge of thto application. 


Frank 0. Parker, 

202 3arrister Bldg, 
City. 


Commiuiona «/ PtltnU, AppliO€Unt» I Bob NSfil , 

> 1 . Ser. No. 705,964, 

\ Filed Jan. 9, 1334, 

For Engines. 


This case has been examined, 
references made of record: 


*W# 1 ■, 


Kneedler 

Flood 

Jenkins 


l,297,3o3 Mar. 13,1919 6O-59 

bo2,I89 Nov. 20, 1900 60-59 

808,441 00^15,1907 60-59 

W UbQ-33; 


u 7 In Fig. 1, numeral 48 has been changed to 46; and, in 
Fig. 5, numeral 80 to 70. 

In Fig. o, numeral 75 has been supplied with a lead line. 

Applicant's first name appears to be an abbreviation. 

The petition and preamble are required to be amended to give 
his full first name; or, if "Bob" is such full name, a statement 
over applicant's signature to that effect is required. Bee 
Order #3140. 

1/ i Sage 3, line 12, "cranked" has been ^changed to -crank-. 

1/ ?«ge 4, line 14, two pumps 20 are shown in Fig. 1; 
line 21, "are" before "fixed" hes been oanceled; lines 20, 21 
and 23, "stems" and "runners" should be ^rods- and -^rossheads-, 
respectively. Line 23 , nothing "automatio" is disclosed in the 
balanced crank shaft. 

1/ Page 5, line 7, add the sentence -'fhe glands 27 are 
associated with the heads 37.-; lines 11-12, the oheck valves 45. 
are not of the "bull" typo; line 13 , ^change "are" to -the-; 
line 19 , "are" has been canceled; lines 19 , 20 and 22, "stems" 


and "runner 


respectively ; 


changed to -rods- and -crossheads-, 
he term -oeing- should preferably be 


inserted before 


o 0 er a t e d " . 


» 

Serial No. 7°5»964 2 

* 

1 / Page 6, line 2, cancel "respectively"; line 21, "lead" 
has been pluralizsd; line 23, mineral JO has been inserted 
after "pipes". 

The"equallzer" 75 appears to be lacking in utility and 
inoperative to perform the function escribed thereto. Fuller 
explanation of its alleged operation is required. 

Applicant's system is inoperative and lacking in utility 
for the purpose set forth. A round robin circuit with no input 
of energy is disclosed. The air under pressure fran a tank is 

suooosed to cause an air engine to ooerate compressors which 

> 

latter are connected t o return the exhaust air bask to the tank 
under pressure. The engine is also to drive en elsotrlc 
generator whioh is to supply the energy to heating coils arrenged 
on the engine intake pipes. Seoause of Inevitable losses 
(friotion, heat radiation, slip, eto.) applicant's device 
cannot maintain itself in operation under no load, and much 
less can it supply energy for any useful purpose. 

Accordingly, ola 1ms 1, 2, 3 aua 4 are rejected as being 
drawn to « devioe which is inoperative and lacking in utility 
for the purpose described. 

i/ 01 aims .1, 2, 3, and 4, insofar as they define structure 

having utility, are further rejeoted as fully met in each of the 
! patents to Kneedlar, Flood and Jenkins. 

All the claims are rejeoted. 
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IS THE UUITEL STATES PATES T OFFICE. 
In re: application of 
Bob Seal, 

ESGISES, 

Filed January 9, 1934, 

Ser. So. 705,964. 

Liv. 18. Room 4612. 


MENLMEJT . 


LATENT OFFICE 

SEP i - 193*. 



Hon. Commissioner of Patents, • 

Washington, 0.0. 

S .1 R : - 

In response to the office action of March 12, 1934 in 
the above entitled application I hereby amend the same as 
follows : 

/n the specification, page 4, line 14 after "block" 
cancel "is a" end insert "are" 

/ Same line, cancel "pump" and insert "pumps" 

/ Line 18 and also line 19 change "pump'S to " pumps" 

/ Line 20 cancel "stems" and insert "rods" 

/ Lines 21 and 23 change "runners" to "o rossheads " 

^ Line 25 cancel "an automatically" and insert "a" 

/ Page 5, line 7 after the period (.) insert "The gland s 
27 are associated with the heads 37." 

/ Line 11 cancel "ball" 

/ Line 13 cancel "are" and insert " tho" 

/ Lino 19 cancel ateras" end insert “reds” 


Linos 20 and 22 cancel “runners” and insert " crosshead a” 
Line 28 before ,, operated“in8ert “being” 


P £ jfje 6 f line 2 cancel " respect ively“ 

Line 14 cancel “an equalizer” end insert “ a double c heck 



*/ laacel the claims and. insert 


X, An engine of/ the kind described, comprising; ft "-shared 

/ Si '' / 3 

cylinder block providing cylinders, inner end outer end heeds 

«.• g? 

closing opposite endsf of the cylinders end having eir intakes, 

*i U , 

e crank case fitted /with the inner end heads of the cylind-rs^, 

a counterbalanced </rank ^jhaft journaled in said case> pistons 

'll* 

working in the cylinders and having rods extended into said case, 
crosshead gu'ides /fitted to the sides of the aaet, crossheAds 
connecting the rods with the guides, connecting rods operated 

by the crank shaft end pivoted to the rods of the pistons, and 

ujt.u s. ,^1 

a system of pipes arranged at the crotch of the V-shaped block 
and having lateral communication with the cylinders at opposite 
sides of t he/ pistons therein for delivering fluid under pressure 
from said cylinders. 


A 3 . 


Applicant has corrected the specification as has been 
suggests^ and required by the Examiner. It is believed that ell 
objection* to this specification have been overcome and particular' 
ly that part questioned. 

How with respect to the operativeness of this engine 
the applicant holds that ha oan demonstrate suoh working and 
if the Examiner insists thereon a time will be set for so doing. 

It is possible that the Examiner has overlooked the fact that 
outside energy ALs supplied to this engine and this fact is brought 
out in the specification 

The oath in this case certifies that the applicant's fir 
name is as signed thereto and thus that tne first name is nob. 

in lieu of the original claims applicant presents herein 
a. newly drafted claim and this calls for structure not taught by 



the references and therefore such references cannot be held 

as anticipatory thereof, in this the Hxarr.iner' s attention 

is directed tc the construction of t he block with the crank 

case attached thereto and the sides of this case are supplied 
traversed by crossheads 

with crosshead guides/whic'n are carried by the rods of the 
pistons working within the cylinders formed by the block. 

Theae crossheeds have pivoted thereto the connecting reds 

operated by the crank shaft which is Journaled in the case. 

ft 

Furthermore, attention is called to the system of piping 
arranged at the crotch of the V-shaped block and the manner 
of communication with the cylinders of said block. These 
structural features ere not shown or suggested by the references. 

It is thought that this application is now in condition 
for allowance and an action to this end is respectfully requested 
at an early date. 

He 



Washington, D.C. 
August 31, 1934. 
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Department of Commerce 

UNITED *TA«CS rATENT OFFICE | 

WASHINGTON ^ ^ , rt 

o ct . 5^1 

■ Hnd below a communication from the EXAMINER in 




Cammluhna •/ Patent,. ^.ppl i 0 ailt . 


Frank 0. Parker 

202 Barrister Building 

Washington, B.C. 



Ser. No. 

Filed 

For 


m* 4 ft* 


A 

1934. 


B. Neal 

705 964 
Jen. 9» 1934 
Eng ines 


Responsive to emend me nt of Aug. 


31. 1954. 


References added: 


^Shimpf H44 4-57 

•i-Adenot 139° 335 

Christensen 1369 °18 

Reall 1230 219 

Pettee et a 1 . 037 bbl 
Bayfield 104 b 85 b 


June '9 » 1915 
Nov . 29 , 192 1 
Feb. 22, 1921 
June 19 1 1917 
Nov. 21, 1899 
Feb. 23 , 1932 


30-187 x-r 
30-187 x-r 
130-58 x-r 
! 30.^5^ 

130-56 


7 A ft *7 


It is now not clear whether applicant is claiming 
an engine or a motor compressor unit in which the patent- 
able novelty, if any, resides in compressor structure as 
disclosed in Fig. 2. 

In the former view, the claim now presented must 
again be rejected on the grounds and for the reasons fully 
set forth on the second page of the former Office letter, 
i.e*, as for an inoperative system. 

In the latter view, the claim now presented is re- 
jected as failing to set forth the invention with the par- 
ticularity and distinctness required by seotion 4888 R.S. 

Accordingly, claim 5 is rejected. 

References are nade of record as further showing the 


state of the art. 



Examiner . 
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I" Tin UH I TED STATES PATEL'T CFFI 


DIVISiOK S PAPcR HO.^ 

j ArK 30 1935 

_ I .. ; :h - v;:J 


fb 


In re: application of 
Fob Heal, 

Engines, 

Filed January S, 1924, 
3er. Eo. 705,964. 

Div. IB. Hoom 4624 


n> 


ii X. jJ 




"on. Comniiaa loner of Eatents, 

Washington, D. I . 

3 I R : - 

In response to the office action of Ootober 30, 1934 
in the above entitled application I hereby amend the same as 
follows : 

Rewrite claim 5 as follows: 


n 


■-W ^/s 




J . 


O, 



In a motor compressor unit, a V-ehaped cyli nder block/, 
proTldp^ylth Upwardly divergent cylinders, inner and outer 
end header fitted to said cylinders at opposite ends thereof, 

^ ^ slide valve chests formed in the block at the inner sides of the 
...iP cylinders , slide valves working in the chests for controlling 
j the admission and exhausy of fluid to and from the cylinders 
tT and having porta for the/ delivery of fluid under pressure 

from the admission points to a storage tank, a substantially 
T-shaped crank case fitted to tho block beneath the cylinders, 

a counterbalanced crank shaft journaled in the orank case, 

/ 

piattons operating in /the cylinders and having rods extended into 
tho crank case, crosehoad guides fitted to the sides of said cese 
interiorly thereof, crossheads connecting the rods with the geiaeo 

and slidable on tho t' ■■ , ' ' ' • rc:!r, or orated b" th- c**' /■' 




I 


l 


and a system of j^pJ^/having communication with the 0 hast a and 
the storage tank and having heating means close to the said 

cyi ln4fcra - / — 

^rjV’T * 

Applioant has complied with the requirements in the 
last office action in this case hy redrafting the claim to have 
the same cover the compressor unit* This new claim 6 la directed 
to the structure disclosed in figure 2 of the drawings and 
covers the specific features shown therein. It goes without 
saying that the references are lacking the specific construction 
now claimed in this case and this will he apparent on oomparing 
the showing in these references with the disclosure in said 


Figure 2. 

Attention will he called to the construction of the 
cylinder block and the mounting of the guides and orossheads 
with the rods connecting the pistons operating in the cylinders 
with the crank shaft* 

of this new claim it is thought that the appli- 
cation eitould new he allowed and an aotion to this end is respeot 
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Responsive to amendment of April 25 , 1935 . 


Claim to now presented is again not free from 
a confusion of features of both of the structures dis- 
closed in Figs. 2 end 3> on® of which disoloses a com- 
pressor and the othar a motor, the two being.of separate, 
distinct and independent status in the art and Office 
classification. The structure shown in Fir. 2 does not 

have "slide valve chests" and "slide valves" working 

therein. No combination of the elements enumerated is 

sta ted. 

The claim is rejected as failing to define the 
invention with the particularity and distinctness required 
by See. 4&88 R. 3. to support a patent. 


Examiner 


15 TO U5ITED SIATX3 PA TEST OFPIG 


In r«: application of 
B. Boal, 

£5011X3, 

Filod January 9, 1934, 
Sor. Bo* 70f,944* 

BIt. 9* Boon 44S4* 



Ion. Oonmlsslonor of Pat onto, 
Washington, B.8. 

3 I 1 : - 



In roaponso to tho offioo action of hay 10, 1931 I horohy 
aaond tho atoro ontitlod application as follows: 



Applicant hu substituted a new claln far the one 
previously presented and It la believed that this elala haraln 
Is rallarad fren the objections noted In tha last offloa aotlan 
and defines the invention with particularity and distinctness 
required by Sec. 4088 A. 3. 

lotion on the nor Its of this elala la respect fully 
requested and an allowance of the application is asked at an 
early date. * 

Respect fully ^ubalttf 



Itt^n^ey of record* 


Washington. £.3. 
Xerenher 7. 193S- 
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* Serial No. 


Department of Commerce 

UNITED STATES PATENT OFFICE 

WASHINGTON 


705 964 

A 


Bob Neel December 17 th, 19 35 * 

Your APPLICATION for a patent for an IMPROVEMENT in 

Compressor Unit 

filed J &n *9»193 4 haa been examined and ALLOWED with 1 olaima. 

The final fee, THIRTY DOLLARS, WITH $1 ADDITIONAL FOR 
EACH CLAIM ALLOWED IN EXCESS OF 20, muat be paid not later than 
SIX MONTHS from the date of thia preaent notioe of allowanoe. 

If the final fee be not paid within that period, the patent 
will be withheld, but the application may be renewed within one 
year after the date of the original notioe with a renewal fee 
of $30 and $1 additional for eaoh olaim in exoesa of 20. 

The offioe delivers patents upon the day of their date, 
on which date their term begins to run. The preparation of the 
patent for final signing and sealing will require about four 
weeks, and suoh work will not be begun until after payment of 
the neoessary final fee. 

When the final fee ia paid, there should also be sent, 
DISTINCTLY AND PLAINLY WRITTEN, the name of the INVENTOR, TITLE 
OF THE INVENTION, AND SERIAL NUMBER AS ABOVE GIVEN, DATE OF 
ALLOWANCE (whioh is the date of this oiroular), DATE OF FILING, 
and, if assigned, the NAMES OF THE ASSIGNEES. 

If it is desired to have the patent issue to an ASSIGNEE 
OR ASSIGNEES, an assignment containing a REQUEST to that effeot, 
together with the FEE for recording the same, must be filed in 
this offioe on or before the date of payment of the final fee. 

After issue of the patent, uncertified oopies of the 
drawings and specifications may be purchased at the prioe of 
TEN CENTS EACH. The money should aooompany the order. Postage 
stamps will not be reoeived. 

The final fee will NOT be reoeived from other than the 
applicant, his assignee or attorney, or a party in interest as 
shown by the records of the Patent Offioe. 

NOTICE.— WHEN THE NUMBER OF CLAIMS ALLOWED IS IN EXCESS OF 20, 
NO SUM LESS THAN $30 PLUS $1 ADDITIONAL FOR EACH 
CLAIM IN EXCESS OF TWENTY CAN BE ACCEPTED AS THE 
FINAL FEE . 
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Ln. accordance with the provisions of Order No. 2308, deted March 12, 1917, which reeds in pert as 
follows : 

**•***•• 

Obvious informalities in the application may be corrected by the examiner, but said 
correction must be in the form of an amendment, approved by the Principal Ex a mi n er 
in writing, placed in the file, and made a part of the record. The changes spe cifi ed in 
the amendment will be entered by the clerk in the regular way. 

« * ' e * * • • * 

the changes, hereinafter specified, are made by the examiner in the application above identified. 

Should these changes not be satisfactory to the applicant, appropriate amendment may be proposed 
under the provisions of Buie 78, provided the specification has not been printed. » r « »»-wu 

The application has been amended as follows: 


Change title 
Page 2, line 
Pace 2, line 


t 0 Compressor Unit . 

1, change "an engine" 
j, change "6n engine" 


t 0 a c or. or esaor . 


to a compress or . 
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COMPRESSOR UNIT 


Bob Neal, Arkadelphia, Ark. 


Application January 9, 1934, Serial No. 705,964 
1 Claim. (Cl. 230—187) 


The invention relates to a compressor con- 
struction, and more particularly to a combina- 
tion fluid operated engine and compressor. 

The primary object of the invention is the pro- 
vision of a compressor of this character, where- 
in there is arranged an automatically counter 
balanced crank shaft and fluid equalizers within 
a storage tank, which makes it possible for the 
said engine to operate on constant reserve tank 
Ki pressure so as to actuate additional equipment, 
the pistons for the engine being also automati- 
< cally balanced and suspended when the said en- 

gine is in operation. 

Another object of the invention is the provl- 
ir> slon of an engine of this character, wherein the 
same is operated from air under pressure, the 
said air being supplied by compressors, these be- 
ing in bunk with the engine construction. 

A further object of the invention is the provl- 
2<y slon of an engine of this character, wherein the 
same is of novel construction, ns the engine prop- 
er and the compressors are operated from the 
same crank shaft which is of the automatically 
balanced type, so that high efficiency is attained. 
25 A still further object of the invention is the 
provision of an engine of this character, which 
is comparatively simple in construction, thor- 
oughly reliable and efficient in its operation, 
strong, durable, and Inexpensive to manufacture. 
30 With these and other objects in view the in- 
vention consists in the features of construction, 
combination and arrangement of parts as will 
be hereinafter more fully described, illustrated 
in the accompanying drawings, which disclose 
35 the preferred embodiment of the invention, and 
pointed out in the claim hereunto appended. 

In the accompanying drawings: 

Figure 1 is a perspective view of the engine 
constructed in accordance with the invention. 

40 Figure 2 is a vertical transverse sectional view 
through the compressor part of the engine. 

Figure 3 is a vertical sectional view through 
the power part of the engine. 

Figure 4 is a detail elevation of the crank shaft 
45 of the engine. 

Fig un. 1 5 is an enlarged sectional view through 
one of the electric herders for the engine. 

Figure <1 is a vortical longitudinal secuonai 
view through the air storage tank including iho 
50 equalizer. 

.Similar l ef.uv:-. ■" r' cravW". i:; :.c;d. 
spot id mg pans thruij-.mim. t he M*vr;d veo 
the drawings. 

Referring to th*' dr.r.ing: In dt-hdi the emfinr 
in its eniueiy e«e:gu :• a c;;n.v>r bind; il hav- 


ing formed therein the series of compressor cyl- 
inders If and the power cylinders 12 , respective- 
ly, the block 10 being of the V-type and closing 
the upper ends of said cylinders are the remov- 
able heads 12 and 14, respectively, which are se- 5 
cured in place by head bolts 15, as is conven- 
tional. Beneath the block 10 Is the crank case 
16, which at opposite sides carries the detach- 
able plates 11 , these being held In place by fas- 
teners 18 and suefr plates are seated so as to be 10 
leak proof. The block 10 Is chambered to pro- 
vide a water Jacket 19 about the cylinders! while 
at the forward end of the said block are water 
pumps 20 circulating water through the inlet pipe 
21 which leads into the jacket and letting said 15 
water out therefrom through the outlet pipe 22 
leading from said water jacket. Next to the 
pumps 20 is a fan 23 operated from a belt 24 
which also drives the pumps. 

Working within the cylinders 1 1 are the recip- 20 
rocating pistons 25, their rods 26 being slidable 
through packing glands 27 and fixed to cross- 
heads 28, which are slidably mounted upon guides 
29 secured wdthin the crank case 16 to opposite 
side walls thereof. These crossheads 28 are 25 
fitted with wrist pins 30 pivotally connecting 
therewith the connecting rods 31 which by the 
bearings 32 are engaged with their cranks 33 of a 
counter balanced crank shaft 34, which is mount- 
ed in supports 35 arranged in the crank case 16, 30 
the shaft being supplied with the required bear- 
ings 36. 

The inner ends of the cylinders 1 1 are fitted 
with inner end heads 37, which are provided with 
air intake ports 36, these being fitted with spring 35 
ball inlet checks 39. the air having admission 
through passages 40 opening exteriorly of the 
block (0. The glands 27 are associated with the 
heads 31. 

The heads 13 and 37 are provided with the -to 
compressed air outlets 41 and 42, respectively, 
these being fitted with spring ball checks 43, the 
heads 1 3 being also provided with the central air 
inlets 44, which are fitted with spring checks 45. 

By couplings 46 are attached to the air outlets 41 45 
and 42 the outlet feed pipes 47 and 46. respec- 
tively, these leading to a main conduit 49 located 
in the center channel 50 in said block 10. 

At the rear end of the block iO and on the 

is the fly wheel 51, this being of conven- 50 
d !>T“. 

Wri! t.Kie within the cylinders 12 are pistons 52. 

; heir rods S3 sliding tlirough packing glands 54 
and fixed In cros;;heads 55 slidably mounted upon 
gukhs bti which are secured within the crank 55 
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case 16 at opposite side walls thereof. The cross- 
heads 65 carry wrist pins 67 connecting there- 
with connecting rods 58. these being engaged by 
bearings 59 with their respective cranks 60 of the 
r, crank shaft 14, the inner ends of the cylinders 12 
being also closed by inner heads 6< with which 
are associated the glands 54 . 

On the cylinders *2 are slide valve chests 62 In 
which are the slide valves 63, these being oper- 
M a ted by throw rods 64 actuated by cams 65 and 
such valves controlling the air admission and 
exhaust of air to and from the cylinders 12 
through the ports 66 and 67, and these valves 63 
are provided with the ports 68 for the delivery of 
I.-* air under pressure from the inlet passages 69 
common to a lead 70 from a compressed air stor- 
age tank 71. 

The bottom of the crank case 16 is fitted with a 
removable plate 72 which is secured in place by 
:o fasteners 73. and when this plate Is removed 
access can be had to the crank shaft 34 and the 
bearings for the engine, as well as other parts 
within said crank case, as should be obvious. 

Leading into the cylinders 1 1 are the passages 
j.) 74 of a lubricating system (not shown) . 

The storage tank 7 f for the compressed air 
includes therein a double check discharge nozzle 
75, this being supported by a member 76 and 
leading to this equalizer is an air inlet pipe 77 
:H) which has the communication 78 with the cham- 
ber 79 formed by said tank. In the equalizer 75 
are the spaced spring ball checks 80 and 81, 
respectively, one being for the inlet side and the 
other for the exhaust or outlet side of said equal - 
35 izer. This pipe 77 is connected with the main 
conduit 49, while a pipe 82 is connected with the 
leads 70. the tank being also fitted with an auto- 
matic relief valve 83 of any approved type. 

About the pipes 70 for the passages 69 are the 
-in electric heating units 84 which are for the pur- 
pose of heating the air under pressure above a 


freezing temperature when delivered from the 
tankrTI to the cylinders 12. 

Supported on the block 10 la an electric gen- 
erator 65 which is driven from the shaft 84 
through a belt 24 and this generator is included 5 
in an electric circuit which also has the heaters 
84 so that these will operate from current fur- 
nished by said generator. 

The storage tank 71 with the equalizer is so 
constructed that it is possible to pump air into 10 
the said tank with a tank pressure of two hun- 
dred pounds, while the compressors are only 
pumping against fifteen pounds or atmospheric 
pressure. Outside air pressure source can be 
coupled with the tank to augment that pressure 15 
derived from the cylinders 1 1 of the engine. 

What is claimed is: 

In a structure of the kind described, a V-shaped 
cylinder block provided with upwardly divergent 
cylinders, end heads fitted to said cylinders at 20 
opposite ends thereof, each head having valved 
inlets and outlets, a main outlet lead between 
the cylinders of the block for a storage tank and 
having lateral branches to the outlets at the 
Inner sides of said heads, one inlet being located 25 
at the center of each head at the outer ends 
of said cylinders while the remaining Inlets are 
at the outer sides of the heads at the inner ends 
of said cylinders, a substantially V-shaped crank 
case fitted to the Wcxft beneath the cylinders, » 30 
counterbalanced crank shaft Journaled in the 
crank case, pistons operating in the cylinder* 
and having rods extended Into the crank caee, 
crosshead guides fitted to the sides of said case 
Interiorly thereof, crossheads connecting the rods 35 
with the guides and slidable on the same and con- 
necting rods operated by the crank shaft and 
pivoted to the crossheads for reciprocation of 
the pistons. 
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